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Purpose: To measure achromatic spatial, temporal, and spatiotemporal summation
in dry age-related macular degeneration (AMD) compared to healthy controls under
conditions of photopic gaze-contingent perimetry.

Methods: Twenty participants with dry AMD (mean age, 74.6 years) and 20 healthy
controls (mean age, 67.8 years) performed custom, gaze-contingent perimetry tests.
An area-modulation test generated localized estimates of Ricco’s area (RA) at 2.5° and
5° eccentricities along the 0°, 90°, 180°, and 270° meridians. Contrast thresholds were
measured at the same test locations for stimuli of six durations (3.7-190.4 ms) with
a Goldmann Il stimulus (Glll, 0.43°) and RA-scaled stimuli. The upper limit (critical
duration) of complete temporal summation (using the Glll stimulus) and spatiotempo-
ral summation (using the RA stimuli) was estimated using iterative two-phase regression
analysis.

Results: Median (interquartile range [IQR]) RA estimates were significantly largerin AMD
participants (2.5% 0.21 [0.09-0.41] deg?; 5°: 0.32 [0.15-0.65 deg?]) compared to healthy
controls (2.5% 0.08 [0.05-0.13] deg?; 5° 0.15 [0.08-0.22] deg?) at all test locations (all
P < 0.05). No significant difference in median critical duration was found in AMD partic-
ipants with the Glll stimulus (19.6 [9.9-30.4] ms) and RA-scaled stimuli (22.9 [13.9-40.3]
ms) compared to healthy controls (Glll: 17.0 [11.3-24.0] ms; RA-scaled: 22.4 [14.3-33.1]
ms) at all test locations (all P > 0.05).

Conclusions: Spatial summation is altered in dry AMD, without commensurate changes
in temporal summation.

Translational Relevance: The sensitivity of perimetry to AMD may be improved by
utilizing stimuli that probe alterations in spatial summation in the disease.

condition.’> There is currently no validated therapy

Introduction

Age-related macular degeneration (AMD) is one
of the leading causes of sight loss worldwide.! In
the United Kingdom alone, approximately 0.5 million
people are visually impaired due to the condition, with
an estimated rise to 1.23 million by 2050.> The two
phenotypically distinct forms of the disecase are wet
(neovascular) and dry (atrophic) AMD. Anti—vascular
endothelial growth factor intravitreal injections are
primarily used to treat the wet form of this progressive
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for dry AMD. Novel interventions for the treatment of
dry AMD are therefore the primary focus of numerous
clinical trials.®®

The measurement of visual function is central to
the clinical investigation and management of AMD
and as an endpoint in trials investigating novel thera-
peutic interventions. Currently, high-contrast visual
acuity serves as the primary functional biomarker
for disease detection and monitoring.'”"!* Although
simple to undertake and familiar to patients, this test
reflects only visual function within a limited region
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of the visual field (fovea or preferred retinal locus
[PRL]). Also, any changes are potentially non-specific
to the AMD disease process. Visual acuity may also
be spared depending on the location, extent, and
form of AMD-associated lesions,'* with the result
that these measures are only weakly related to quality
of life in the disease.!>"!” In view of such limita-
tions, microperimetry (also known as fundus perime-
try,'®!" fundus-controlled perimetry,”® or fundus-
related perimetry’'-??) undertaken in photopic,?*2*
mesopic,”> " and scotopic?®3*3!  conditions has
increasingly gained acceptance as a mainstream
clinical test of visual function in AMD.?>73¢ This
test permits the measurement of achromatic and/or
chromatic contrast thresholds at multiple, pre-selected
locations across the central visual field, using a stimu-
lus of constant area (typically Goldmann III [GIII],
0.43°) and presentation duration (100-200 ms). To
account for voluntary and involuntary eye movements,
stimulus position is adjusted in real time. The ability
to present stimuli to the same retinal location enables
more accurate colocalization and comparison with
colocalized measures of retinal structure, particularly
in individuals with unstable fixation.??-3

Although widely adopted, microperimetry suffers
from a number of significant limitations, including
high measurement variability,”’” a limited dynamic
range,>”-3 and a poor sensitivity to the effects of
early and intermediate AMD.* Although test sensi-
tivity and dynamic range may be improved by reduc-
ing the adapting luminance of the test to mesopic*’-4!
or scotopic®”#* levels, the stimuli used in all forms of
the test were not selected with any reference to how
the visual system integrates light energy over space
(spatial summation) or time (temporal summation) and
whether these processes are altered in AMD. Rather,
stimuli were selected to be the same as those used
in standard automated perimetry and earlier kinetic
perimetry* (i.e., Goldmann areas I-IV and presen-
tation duration 100-200 ms to be shorter than the
assumed minimum velocity of voluntary saccadic eye
movements).

Ricco’s law* states that the product of stimu-
lus contrast (Al) and area (A) is constant at thresh-
old (Al x A = k). This relationship holds true for
a range of small-area stimuli. The largest stimulus
for which Ricco’s law holds is known as Ricco’s
area. For larger stimuli, Ricco’s law breaks down and
only partial summation occurs. Ricco’s area is known
to enlarge with reduced background luminance,®-4¢
with increasing visual field eccentricity,’ " and in
various conditions, including glaucoma, ambly-
opia,>® retinitis pigmentosa,>* and myopia.>> Such
changes in spatial summation are thought to reflect
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a noise-compensatory mechanism whereby the visual
system seeks to maximize visual sensitivity for given
environmental conditions or where cellular density
and/or function are altered. Importantly, it has been
found that perimetric stimuli designed to map local-
ized changes in spatial summation in glaucoma offer a
more favorable test sensitivity to measurement variabil-
ity (disease signal/noise ratio) than that of the standard
luminance-modulated achromatic GIII stimulus.>?-%

In a similar manner to spatial summation, light
energy is also summed over time (temporal summa-
tion). This process is governed by Bloch’s law.>’ Analo-
gous to Ricco’s law, in this case the product of stimulus
contrast (Al) at threshold and stimulus duration (¢) are
constant (Al x ¢t = k). The maximum stimulus duration
for which complete temporal summation occurs is
referred to as the critical duration. Beyond this point,
incomplete temporal summation is observed. Similar
to the spatial domain, temporal summation varies with
background luminance®® and stimulus area, -3¢ as
well as in some forms of ocular disease. Mulholland
et al.’! reported a longer critical duration in patients
with early glaucoma compared to healthy controls and
hypothesized that this is a result of retinal ganglion
cell (RGC) death, premorbid RGC dysfunction, and/or
changes in the receptive field properties of cells in the
visual cortex. Interestingly, they found this change in
temporal summation in glaucoma when both a GIII
stimulus (likely exhibiting incomplete spatial summa-
tion) and a Ricco’s area—scaled stimuli (likely exhibiting
complete spatial summation) were used. On this basis,
it was suggested that perimetric stimuli designed to
probe altered spatiotemporal summation in glaucoma
(i.e., modulating in area, duration, and luminance to
identify changes in spatial and temporal summation)
would be capable of boosting test sensitivity (disease
signal) by approximately 300% over standard perimet-
ric stimuli.

Spatial summation and temporal summation are
fundamental physiological phenomena that under-
pin detection of perimetric stimuli, and repeatable
evidence indicates that they are altered in individu-
als with retinal degeneration.’'->>3* In turn, it has
been shown® (or hypothesized®'-32:%!) that stimuli
optimized for accurate and precise identification of
these biomarkers boost the disease signal/noise ratio.
With this in mind, it is imperative that functional
biomarkers for other sight-threatening disease such
as AMD are investigated for alterations of spatial
and temporal summation, and improvements in the
design of perimetric stimuli should be made if it is
found that these could be of benefit to disease detec-
tion and monitoring. Previous research in spatial
and temporal summation in AMD is limited. Brown
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and Lovie-Kitchin® found altered temporal contrast
modulation sensitivity in AMD participants compared
to that in age-matched controls. In later research,
the same group found the critical duration to be
longer in patients with AMD compared to healthy
controls, but this difference failed to reach statisti-
cal significance.®> On the basis of this research, it
was hypothesized that temporal resolution produces
sufficient stress on rod and cone photoreceptors to
detect a measurable reduction of sensitivity in AMD,
whereas the temporal summation of light photons
does not.® Notably, temporal summation was not
measured under conditions of conventional perimetry;
instead, red stimuli of 0.25° diameter were used. Zele
and colleagues® did not find any change in spatial
summation between participants with early or inter-
mediate AMD and healthy controls when examined
using Gabor patches of different area. In more recent
research, perimetric sensitivity to Goldmann IV and
V stimuli was significantly higher in individuals with
AMD than in healthy controls (~0.5-1 dB on average)
within the central 10°, but not with Goldmann I to III
(Choi A, et al. IOV'S. 2018;59:ARVO Abstract 1260).
This implies that spatial summation may be altered
(i.e., a change in Ricco’s area) in AMD compared to
controls. Furthermore, improved structure—function
relationships in participants with intermediate AMD
have been identified, with perimetric stimuli under-
going complete spatial summation compared to
those in which the standard GIII stimulus was
used. (Choi A, et al. IOVS. 2017;58:ARVO Abstract
4705).

Given the structural changes that occur in AMD
at the level of the retina® ¢’ and visual cortex,®® 70
we hypothesized that spatial, temporal, and spatiotem-
poral summation are altered as part of the disease to
optimize visual sensitivity in corresponding regions of
the visual field. In this study, we examined this hypothe-
sis under the adaptation conditions of clinical perime-
try using a custom gaze-contingent test to inform the
optimum stimulus parameters for the detection and
monitoring of AMD.

Participants

Twenty participants with early or intermediate dry
AMD (mean age, 74.6 years; range, 57-90) and 20
healthy age-similar controls (mean age, 67.8 years;
range, 55-80) were recruited for this study. Mean
logMAR visual acuities (measured monocularly, with
refractive correction in place if required, using an Early
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Treatment Diabetic Retinopathy Study [ETDRS] chart
at 4 m, scoring every letter read correctly) were 0.13
and 0.03 for the control and AMD groups, respectively.
All participants were tested in the Centre for Optome-
try and Vision Science at Ulster University, Coleraine,
UK.

Healthy participants had visual acuities of 6/9
(20/30) or better in the test eye (range, 6/5 [20/17]-6/9
[20/30]), and optical coherence tomography (OCT)
scans (SPECTRALIS; Heidelberg Engineering,
Heidelberg, Germany) of the macular area that
were within normal limits. Participants with AMD
had visual acuities of 6/12 (20/40) or better in the
test eye (range, 6/5 [20/17]-6/12 [20/40]). All partic-
ipants had spherical refractive error within £6.00
diopter sphere (DS) in all meridians, with astigmatism
< 1.25 diopter cylinder (DC), normal intraocular
pressure (>5 and <21 mmHg), and OCT-measured
peripapillary retinal nerve fiber layer (RNFL) thick-
ness within normal limits. Full visual fields were
confirmed in the test eye with the 24-2 SITA Standard
test on the Humphrey Field Analyzer 3 (Carl Zeiss
Meditec, Dublin, CA), in addition to the absence of
any systemic disecase that may affect visual perfor-
mance in both healthy control and AMD participants.
Slit-lamp assessment of the anterior eye and biomicro-
scopic assessment of the posterior segment revealed
no ocular pathology in control participants or concur-
rent ocular abnormalities in AMD participants. All
participants had clear media as examined using the slit
lamp.

Characteristic features of AMD including drusen
and hypo- or hyperpigmentary abnormalities were
confirmed using SPECTRALIS OCT (en face infrared
images and B-scans) and chromatic retinal photog-
raphy of the macular area in AMD participants
(CR-DGi Non-Mydriatic Fundus Camera, viewing
angle, 40°; Canon, Tokyo, Japan). The Beckman clini-
cal classification system’! (Table 1) was used to grade
the severity of AMD evident in fundus photographs.
Any eyes displaying signs of neovascular AMD were
excluded from psychophysical testing.

Ethical approval to undertake this study was granted
by the Health and Social Care Research Ethics
Committee A. The research protocol adhered to the
tenets of the Declaration of Helsinki, and each partic-
ipant provided informed consent prior to data collec-
tion.

Apparatus and Stimuli

Stimuli were circular achromatic increments
presented on a gamma-corrected CRT display (420GS;
frame rate, 75 Hz; pixel resolution, 1280 x 1024;
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Table 1. Beckman AMD Clinical Classification System’’
Classification of AMD
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Definition (Lesions Assessed Within 2 Disk Diameters of Fovea in Either Eye)

No apparent aging changes
Normal aging changing
abnormalities®
Early AMD
abnormalities?
Intermediate AMD
Late AMD

No drusen and no AMD pigment abnormalities®
Only drupelets (small drusen, <63 um in diameter) and no AMD pigment

Medium drusen (>63 pm but <125 pm in diameter) and no AMD pigment

Large drusen (>125 um in diameter) and/or any pigment abnormalities?
Neovascular AMD and/or any geographic atrophy?

2AMD pigment abnormalities include any definite hyper- or hypopigmentary abnormalities associated with medium or

large drusen but not associated with known disease entities.

viewing distance, 64 cm; maximum luminance,
122.7 cd/m?; Sony, Tokyo, Japan) with a uniform
gray background luminance of 9.62 cd/m? follow-
ing a l-hour warm-up period. MATLAB R2016b
(MathWorks, Natick, MA) with Psychtoolbox 3.0 and
Bits+ (Cambridge Research Systems, Rochester, UK)
were used to generate the stimuli. Participants fixated
an annulus target (white 0.45°-diameter spot with a
central zero-contrast 0.23°-diameter spot) through-
out each test. Eye movements were recorded with a
high-speed eye tracker (EyeLink 1000 Plus, 1000 Hz;
SR Research, Ottawa, ON, Canada) while partici-
pants placed their head on a secure, purpose-built
chin rest. The eye-tracking system was calibrated and
subsequently validated for each observer prior to
examination, with data collection being undertaken
in normal room illumination to minimize pupil size
and limit tracking artifacts secondary to changes in
the measured position of the pupil center as a result
of variations in pupil size.”>”* Stimulus presentation
position was corrected according to participant gaze
position within each frame of presentation (i.e., fully
gaze contingent). Where fixation errors were greater
than 1° from the fixation target location, any stimulus
presentation coinciding with the error was skipped
(and repeated later in the test) to prevent stimuli from
being presented on monitor locations where spatial
luminance inhomogeneity was present or, in the case of
large fixation errors, off the monitor screen. Although
we did not examine if any participant with AMD was
using an eccentric PRL, it is unlikely that this was
the case in the cohort we examined because all AMD
participants had a visual acuity of 6/12 or better.”*
Responses were collected via a response box (RB-540;
Cedrus, New York, NY) with a listening window of 2
seconds. Refractive error was corrected for the test eye
and for the experimental working distance, if required,
with a trial frame holding a full-aperture lens while an
opaque patch was used to occlude the fellow eye.
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Experiments were undertaken in two phases, either
within a single study visit or in two shorter visits within
1 to 2 weeks of each other. In the first phase, partic-
ipants performed an area-modulation detection task
with a stimulus of constant contrast (A7 = 3.63 cd/m?
and log A/l = —0.42, chosen on the basis of the
expected contrast at threshold for Ricco’s area—scaled
stimuli in healthy observers>?) and duration (Bridge-
man’> duration, 190.4 ms; 15 frames) but varying in
area. This task was used to estimate the localized
area of complete spatial summation (Ricco’s area) at
eight test locations along the 90°, 180°, 270°, and
360° meridians—four each at 2.5° and 5° visual field
eccentricities (Fig. 1). Test locations were chosen based
on previous psychophysical evidence for the greatest
reductions in visual function to occur at parafoveal
locations in AMD. 7680

In the second phase of experiments, spatiotemporal
summation was investigated through the measurement
of achromatic contrast thresholds for six stimuli
of different durations (1-15 frames; Bridgeman
duration, 3.7-190.4 ms), with a GIII stimulus and,
separately, a stimulus with an area scaled to the
local Ricco’s area (thresholds from phase one) at
the same locations used in phase one (Fig. 1). All
stimuli were presented in a randomized order for all
participants. Temporal summation functions were
subsequently produced for both stimulus areas at each
test location. Regular breaks were provided at intervals
throughout data collection and when requested by the
participant.

Psychophysical Procedure

Thresholds for area (phase one) and contrast (phase
two) were measured with a randomly interleaved 1/1
staircase with a yes/no response paradigm. Each stair-
case terminated after four reversals, with thresholds
being calculated as the mean of the final two reversals
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Figure 1.

for area (phase one) and the mean of all four reversals
for contrast (phase two). In phase one, stimulus diame-
ter was varied by 20% when fewer than two reversals
had occurred, by 10% when two reversals were reached,
and by 5% when two reversals were exceeded. In phase
two, contrast was varied by 0.5 log unit steps when
reversals were below two, by 0.25 log units when two
reversals had occurred, and by steps of 0.05 log units
for greater than two reversals. Stimulus area or contrast
was modulated according to participant response (i.e.,
increased when “unseen” and decreased when “seen”).
False-positive responses were recorded as those occur-
ring within 100 ms of stimulus onset. If the false-
positive rate exceeded 20% for any given test, the data
were discarded and the test run was repeated later in the
experimental session at a randomly determined point.
Prior to beginning each phase of data collection, each
participant undertook a trial run and only proceeded
with study measurements when the test was clearly
understood.

Data Analysis

Area-Modulation Data

Threshold area values (Ricco’s area estimates)
were compared between healthy control and AMD
participants for each individual test location. To test
for statistically significant differences, a Wilcoxon
rank-sum test was performed, with post hoc Holm—
Bonferroni correction used to account for multiple
tests of the same hypothesis at different stimu-
lus locations examined for each participant and
to control for independence. The relationships
between mean measures of logMAR visual acuity
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Schematic to demonstrate (A) stimuli presented at all test locations examined, and (B) test sequence.

and mean area thresholds in each observer were also
examined at 2.5° and 5° eccentricities using Spearman’s
correlation.

Temporal Summation Data

Thresholds were expressed as increment energy
values (AE, cd/m?-s-deg’) and were calculated as
the product of increment luminance (cd/m?), stimu-
lus duration (s), and stimulus area (deg®). Stimu-
lus durations were converted to Bridgeman equiva-
lents”> and verified with an optical transient recorder
(OTR-3; Display-Metrology & Systems, Karlsruhe,
Germany). When a participant was unable to detect
a stimulus with the maximum contrast, data from
that location were excluded from further analysis. To
determine temporal summation functions, log stimu-
lus energy was plotted against log stimulus duration.
Iterative two-phase regression analysis®! (Levenberg—
Marquardt estimation with a maximum of 5000 itera-
tions) was then used to estimate the critical duration
at individual test locations under all conditions for
each observer. Briefly, two lines were fitted to the
data, with the slope of the first line constrained to
0 (representing complete temporal summation in line
with Bloch’s law) but the slope and intercept of the
second line (representing partial summation) being free
to vary between 0 and 1. The point on the duration
axis at which the two lines in the function inter-
sected (breakpoint) was taken as the critical duration
estimate for that location. In cases where critical
duration estimates were less than the shortest stimu-
lus duration (one frame, 3.7 ms) or where marked
variability in the data caused the two-phase regres-
sion analysis to fail, these data were excluded from
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further analysis. Where critical duration estimates
were greater than the longest stimulus duration
(15 frames, 190.4 ms), these values were substituted
with a value of 190.4 ms (2.28 log ms) for further
analysis.

A Wilcoxon rank-sum test with subsequent Holm—
Bonferroni correction was used to test for statisti-
cally significant differences in the critical duration
estimates between healthy controls and AMD partic-
ipants at each test location when the GIII stimulus
and the Ricco’s area—scaled stimuli were used. Differ-
ences in the slopes of the second line of all tempo-
ral summation functions (partial summation) between
controls and AMD participants were also tested for
with a Wilcoxon rank-sum test and subsequent Holm—
Bonferroni correction.

The mean difference in log energy thresholds
between each control and AMD observer, otherwise
termed the disease signal, was calculated for all stimu-
lus durations with the GIII stimulus and Ricco’s area—
scaled stimuli at 2.5° and 5° visual field eccentricities.
A three-way analysis of variance (ANOVA) with the
fixed effects of stimulus condition (GIII or Ricco’s
area—scaled stimuli), stimulus duration, and visual field
eccentricity was used to identify factors influencing
the disease signal. This analysis was supplemented
by the construction of receiver operating characteris-
tic (ROC) curves and calculation of associated area
under the ROC curve (AUC) values at 2.5° and 5°.
Then, 95% confidence intervals for each ROC curve
were generated using 2000 stratified bootstrap repli-
cates. AUC values were used to compare the relative
ability of standard perimetric stimuli (GIII stimu-
lus with fixed duration of 190.4 ms, modulating in
luminance) and an area-modulation test (using a stimu-
lus of fixed contrast and duration of 190.4 ms) for
diagnostic accuracy in the detection of AMD. Permu-
tation analysis was subsequently used to determine if
observed differences in AUC values with each stimulus
form at each eccentricity were statistically significant.
In short, this required threshold data for each stimulus
form to be randomly reassigned to two groups (without
replacement) that were matched in size to the initial
variables. When this had been done, two ROC curves
and AUC values were generated for each random group
and differences between AUC values calculated. This
process was repeated 5000 times to create a distribu-
tion of random AUC differences. A two-sided P value
was then calculated for the observed differences in AUC
values at each eccentricity.

For all statistical tests, an «-value (two-tailed)
of 0.05 (after correction for multiple compar-
isons as appropriate) was considered statistically
significant.
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In total, nine eyes with early AMD, 10 with interme-
diate AMD, and one eye with non-central geographic
atrophy (diameter, 0.08°), in addition to 20 healthy
control eyes, were included in data analysis. Temporal
summation measurements with the Ricco’s area—scaled
stimuli could not be acquired in one participant with
intermediate AMD due to poor fixation and concen-
tration. However, all other study measurements were
successfully obtained.

Spatial Summation

Localized area-modulation thresholds (Ricco’s area
estimates) were measured in all 20 participants with
AMD and 20 healthy controls. Ricco’s areas were
significantly larger in AMD participants compared
to healthy controls at each individual test location
(all P < 0.05, Wilcoxon rank-sum test) (Fig. 2).
Summary values for spatial summation measurements
in observers with AMD compared to healthy controls
are shown in Table 2. We also observed statisti-
cally significant increases in area thresholds for AMD
participants with intermediate compared to early
disease at each eccentricity (all P < 0.05, Wilcoxon
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@ - Non-central GA R
14 - L}
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@ T ¢ T
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Figure 2. Boxplots of Ricco’s area estimates at 2.5° and 5° visual

field eccentricities (pooled across all test locations) for healthy
controls (blue) compared to AMD participants (red). The lower and
upper limits of the boxes represent the 25th and 75th percentiles
of the data, respectively. The error bars extend to the most extreme
data point within 1.5x the IQR from the top and bottom of the box.
Individual data points for individual observers at each test location
are included for reference and color-coded according to disease
severity (median area thresholds for the severity groups are repre-
sented by horizontal lines).
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Table 2. Ricco’s Area and Critical Duration Estimates at Each Visual Field Eccentricity for Healthy Control and
AMD Participant Groups
Participant Group, Median (IQR)
Parameter Eccentricity (deg) Controls AMD P
Ricco’s area (deg?) 25 0.081 (0.05-0.13)  0.208 (0.09-0.41) <0.001
5.0 0.148 (0.08-0.22)  0.319(0.15-0.65) 0.025
Glll critical duration (ms) 25 17.0 (10.1-23.5) 17.9(9.3-30.4) 0.717
5.0 17.0 (12.1-25.0) 20.6 (13.2-30.4) 0.858
Ricco’s area-scaled critical duration (ms) 25 21.1(11.8-33.9) 25.3(17.0-42.0) 0.329
5.0 23.4(15.6-32.7) 18.2(11.2-38.2) 0.355

The P values are for the statistical comparisons of Ricco’s area and critical durations estimates between AMD and healthy

control participant groups. Statistically significant P values are indicated in bold.
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Figure 3. Plots of logMAR visual acuity at fixation against Ricco’s area estimates at (A) 2.5° and (B) 5° visual field eccentricities in controls

(blue) and AMD participants (red).

rank-sum test). Weak relationships that failed to reach
statistical significance (all P > 0.05) were observed
between visual acuity (logMAR) and Ricco’s area
estimates at both 2.5° and 5° in control observers and
participants with AMD (Fig. 3).

Temporal Summation

Log energy thresholds (median, IQR) were higher
in AMD participants compared to controls for both
the GIII and Ricco’s area—scaled stimuli at 2.5° and
5° eccentricities for all stimulus durations and at each
test location (all P < 0.001, Wilcoxon rank-sum test)
(Fig. 4).

In healthy observers, 160 local temporal summa-
tion measurements were generated, each with the GIII
and Ricco’s area—scaled stimuli. In total, 153 tempo-
ral summation functions were successfully fitted for the
GIII stimuli and 157 for the Ricco’s area—scaled stimuli.
For AMD participants, 160 local temporal summation
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measurements were acquired with the GIII stimulus
and 152 with the Ricco’s area—scaled stimuli. A total
of 134 temporal summation curves were successfully
fitted to threshold measurements with the GIII stimu-
lus and 135 with the Ricco’s area—scaled stimuli in
AMD participants.

Although critical duration values were longer in
AMD participants compared to those in healthy
controls with the GIII stimulus at 2.5° (AMD: 17.9
ms, IQR = 9.3-30.4; controls: 17.0 ms, IQR = 10.1-
23.5) and 5° (AMD: 20.6 ms, IQR = 13.2-30.4;
controls: 17.0 ms, IQR = 12.1-25.0), these differ-
ences were not found to be statistically significant
(all P > 0.05, Wilcoxon rank-sum test) (Table 2).
Similarly, the critical duration was longer in AMD
participants at 2.5° with Ricco’s area—scaled stimuli
(AMD: 25.3 ms, IQR = 17.0-42.0; controls: 21.1
ms, IQR = 11.8-33.9), but this was not statisti-
cally significant (P = 0.329) (Table 2). Conversely, a
non-significant (P = 0.355) shortening of the critical
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Figure4. Contrast thresholds measured for six stimulus durations with a Glll stimulus (A, B; blue shading) and stimuli scaled to the localized
Ricco’s area (C, D; purple shading) in healthy controls (blue) and participants with AMD (red). Temporal summation functions fitted to median
threshold values are also included in each plot. The dashed line to the x-axis represents the critical duration.

duration was observed at 5° with the Ricco’s area—
scaled stimuli (AMD: 18.2 ms, IQR = 11.2-38.2;
controls: 23.4 ms, IQR = 15.6-32.7). Boxplots report-
ing critical duration values at 2.5° and 5° visual field
eccentricities tested under both stimulus conditions for
AMD and healthy control participants are shown in
Figure 5.

Finally, partial summation, quantified by the second
line slope of temporal summation functions, was
not significantly different between AMD and healthy
participants with the GIII stimulus (all P > 0.05,
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Wilcoxon rank-sum test) at 2.5° (AMD: 0.80, IQR
= 0.70-0.91; controls: 0.79, IQR = 0.66-0.88) and
5° (AMD: 0.79, IQR = 0.66-0.89; controls: 0.81,
IQR = 0.64-0.89) eccentricities. Similarly, no statisti-
cally significant differences in second-line slope values
between controls and AMD observers were found with
Ricco’s area—scaled stimuli (all P > 0.05, Wilcoxon
rank-sum test) at 2.5° (AMD: 0.79, IQR = 0.64-0.95;
controls: 0.77, IQR = 0.67-0.88) or 5° (AMD: 0.74,
IQR = 0.57-0.94; controls: 0.79, IQR = 0.61-0.89)
eccentricities.
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Critical duration estimates at 2.5° (A) and 5° (B) visual field eccentricities for healthy controls (blue) and participants with AMD

(red) with a Glll stimulus and Ricco’s area—scaled stimuli. Outliers are represented by “+" markers.

Disease signal (mean log energy threshold differ-
ence between each control and AMD participants) was
higher with Ricco’s area—scaled stimuli compared to
the GIII stimulus for all stimulus durations at both
2.5° and 5° visual field eccentricities (Figs. 6A, 6B). A
three-way ANOVA revealed no statistically significant
interaction effects among stimulus condition, stimu-
lus duration, and visual field eccentricity on disecase
signal (all P > 0.05). Main effect analysis demonstrated
that the disease signal was higher with Ricco’s area—
scaled stimuli compared to the GIII stimulus (P <
0.001). Post hoc analysis showed a statistically signif-
icant improvement in disease signal with Ricco’s area—
scaled stimuli compared to the GIII stimulus for all
stimulus durations at each test location (all P < 0.001,
paired z-test). A similar trend was also observed with
ROC curves and associated AUC values (Figs. 6C, 6D)
whereby a statistically significantly larger (P < 0.001)
AUC value was found using stimuli capable of probing
changes in spatial summation in AMD (area modula-
tion stimulus, 190.4 ms) relative to the standard perime-
try stimulus (GIII, 190.4 ms).

Discussion

This study found that estimates of Ricco’s area
are significantly larger in participants with dry AMD
than in healthy controls. To the best of our knowl-
edge, this is the first study to demonstrate changes
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in the spatial summation characteristics of individuals
with dry AMD under the conditions of photopic gaze-
contingent perimetry. No changes in temporal summa-
tion (critical duration) were observed when either a
GIII stimulus or stimuli scaled to the local Ricco’s area
were used.

Findings from previous research have suggested that
Ricco’s area may be larger in AMD as a result of signif-
icant differences in the hill of vision between AMD
patients and controls when measured with Goldmann
IV and V stimuli, but no significant differences with
Goldmann I, I1, and IIT stimuli (Choi A, et al. IOV'S.
2018;59:ARVO E-Abstract 1260). Consistent with this
hypothesis, we found estimates of Ricco’s area to be
between those of Goldmann III (0.147 deg?) and 1V
(0.59 deg?) stimuli in AMD participants, and between
Goldmann II (0.037 deg?) and III stimuli in healthy
participants at 2.5° and 5° visual field eccentricities
(Table 2) for a similar adaptation luminance (9.62
cd/m?). In contrast with the present study, Zele and
colleagues® did not find a change in cone-mediated
spatial summation in four participants with AMD
when tested with a contrast-modulating Gabor stimu-
lus matched to the optimal contrast detector. Marked
differences in both the stimuli and method used to plot
spatial summation functions (constraining both lines
in bilinear fit to reflect partial and no summation) do,
however, confound comparisons with the current study.
It may be further argued that the use of stimuli probing
cone function may not reveal functional deficits related
to the loss or damage of rod photoreceptors (reported
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Figure 6. Mean disease signal (mean log energy threshold difference between AMD and control participants) for all six stimulus durations
with the GlII stimulus (blue) compared to Ricco’s area (RA)-scaled stimuli (purple) at 2.5° (A) and 5° (B) visual field eccentricities. Outliers are
represented by “+" markers. ROC curves indicating the ability of the GllI stimulus (blue) compared to RA-scaled stimuli of 15-frame duration
(190.4 ms) to discriminate between AMD and control eyes are presented for 2.5° (C) and 5° (D) visual field eccentricities. Associated AUC
values and 95% confidence intervals (shaded regions) are included on each plot (see Methods).

to be predominantly affected early in the AMD disease
process®?).

Changes in spatial summation in AMD may also
be inferred from studies examining other forms of
spatial vision in the disease. Shah et al.®* found visual
acuity measures with novel pseudo-high-pass—filtered
optotypes to be reduced to a greater extent in early
AMD compared to measures using conventional high-
contrast optotypes. This finding was hypothesized to
be related to altered neural sampling secondary to the
loss of photoreceptors, with the result that visual acuity
measures in the fovea are limited by neural rather
than optical factors. Such results may also be hypoth-
esized to be related to an enlargement in Ricco’s area,
serving to optimize local sensitivity at the expense of
spatial resolution. In AMD, where structural changes
are likely to be inhomogeneous, this will result in a

Downloaded from tvst.arvojournals.org on 02/06/2024

reduced density sampling array that will affect resolu-
tion thresholds for high-pass-filtered optotypes more
than conventional unfiltered optotypes. In a similar
manner, the finding of an improved structure—function
relationship in AMD when microperimetry is under-
taken in mesopic and scotopic conditions may also
potentially be explained by a change in spatial summa-
tion in the disease. Specifically, if both healthy and
AMD patients exhibit complete spatial summation
with the standard GIII stimulus under mesopic and
scotopic conditions, it is likely that such differences in
Ricco’s area are more measurable because of a greater
separation of the spatial summation curves at this
point.

Only one previous study has examined temporal
summation in AMD. Similar to the current study,
Brown and Lovie-Kitchin® reported that the critical
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duration, measured under photopic conditions with
a red 0.25°-diameter spot stimulus, was longer in
AMD observers compared to that in controls, but their
finding was not statistically significant. In terms of
critical duration estimates, Brown and Lovie-Kitchin®
found these to be substantially longer for both the
controls (58 ms) and the AMD (92 ms) groups
compared to the same groups in this study. Such differ-
ences are likely related to variations in the stimulus
area used and stimulus chromaticity, in addition to our
use of photopic conditions to optimize the accuracy
of the gaze-contingent system used.’® It is also worth
noting that Brown and Lovie-Kitchin®® used a method
of analysis to estimate the critical duration that fits
two lines of constrained slope to the data reflecting
complete and no summation; this method is known
to give longer critical duration estimates compared to
those measured using iterative two-phase regression
analysis®* used in the present study.

Physiological Source of Altered Spatial
Summation in AMD

Although the physiological basis for Ricco’s area is
uncertain, it has been hypothesized that RGC recep-
tive field organization,®-8¢ photoreceptor and RGC
density,*®87 and cortical receptive field characteris-
tics®33-88 contribute to determining the size of Ricco’s
area. It would thus follow that, if the functioning of
these anatomical loci is affected by a given disease
process or non-pathological change (e.g., alterations in
adapting luminance), then Ricco’s area would also be
altered in size to optimize visual sensitivity in a given
region of the visual field. In the case of dry AMD, it is
possible that disruption to the photoreceptor mosaic
due to the accumulation of lipid-rich extracellular
material (drusen) between the aging retinal pigment
epithelium (RPE) and Bruch’s membrane,® °! degen-
eration and dysfunction of rod and later cone photore-
ceptors,’> RPE loss,”? reticular pseudodrusen,’* alter-
ations in receptive field organization,®-8¢ and cortical
changes’?-?>-% potentially contribute to altered spatial
summation in the disease. This disruption may also
increase as dry AMD progresses, because Ricco’s area
has been found to scale with disease severity (Fig. 6).

A number of studies have demonstrated that dark-
adapted microperimetry is more effective at detect-
ing functional deficits in early AMD. It has been
hypothesized that this is related to the capability of
such tests to probe photoreceptor loss early in the
disease process. Ricco’s area is larger under scotopic
than photopic conditions, and it is therefore likely
that thresholds for a GIII stimulus are determined by
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complete spatial summation across a larger area of the
visual field. Operating under complete spatial summa-
tion may, in part, account for the improved sensi-
tivity of dark-adapted microperimetry to the effects
of AMD. Despite this, it is unlikely that altered
photoreceptor function or density solely accounts for
changes in spatial summation in the disease. Although
it is acknowledged that stimuli designed to isolate
and probe spatial summation in individual classes of
photoreceptors (e.g., S- and L-cone) do yield different
Ricco’s area measures in healthy observers, the non-
uniform relationship between the density of individ-
ual photoreceptors and alterations in corresponding
Ricco’s area measures within the central 20° suggests
that receptive fields beyond those of the photore-
ceptors likely determine the extent of Ricco’s area.*’
Research by Tuten et al.”’ found that Ricco’s area was
unchanged when measured with and without adaptive
optics to minimize the effects of higher order aberra-
tions and retinal image motion. Were this to be primar-
ily related to photoreceptor density, Ricco’s area would
be expected to be smaller when retinal image motion
was accounted for. Considering such evidence, it is
likely that changes in the structure and/or function of
post-receptoral pathways in response to retinal changes
explain our observation of altered estimates of Ricco’s
area in AMD.

In healthy eyes, the number of RGCs underlying
Ricco’s areca has been demonstrated to be relatively
constant (~14-32 RGCs),*®%7 with the result that
variations in Ricco’s area with visual field eccentric-
ity in photopic conditions may mostly be accounted
for by alterations in RGC density. Glaucoma-induced
changes in Ricco’s area have also been hypothesized to
develop to maintain input to cortical receptive fields
from a constant number of RGCs, thus maintain-
ing a constant signal-to-noise ratio. Although it is
known that RGCs contribute to determining the size of
Ricco’s area, some debate surrounds the effect of AMD
on RGC density. In a clinicopathologic assessment of
eyes with dry and neovascular AMD, Medeiros and
Curcio’® reported marked rod photoreceptor loss, but
RGC density appeared to be preserved in dry AMD,
only becoming affected in the end-stage neovascu-
lar forms of the disease. Later research demonstrated
that inner retinal thickness (e.g., inner plexiform layer,
ganglion cell complex, peripapillary RNFL thickness)
is significantly thinner in patients with dry AMD.”?~102
If the functional RGC number were to be reduced
in AMD, it is possible that spatial summation also
changes in an attempt by the visual system to optimize
visual function in response to insult.

Alterations in retinal structure may also be accom-
panied by change in higher visual centers in AMD,
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which could also partly explain our findings. A number
of studies have identified evidence for large-scale
reorganization of the visual cortex in individuals with
macular degeneration such that peripheral stimuli
activate the foveal cortex. The extent of any reorga-
nization would be dependent on the extent of vision
loss and disease chronicity.”??°-° Changes in the size
of cortical receptive fields in response to retinal damage
have also been demonstrated in both animal models
of disease and other retinal degenerations in human
observers. For example, Gilbert and Wiesel'®* applied
laser burns to the retina that caused an increase in
the diameter of cortical receptive fields near the edge
of the scotoma to be subsequently detected. Later
research by Baseler et al.!®* reported that popula-
tion receptive fields (pRFs) were significantly larger in
regions of the visual cortex corresponding to retinal
damage in patients with AMD or Stargardt disease
when compared with control observers. Interestingly,
similar changes in pRF size were observed in healthy
observers when measures were undertaken with stimuli
masked to simulate AMD damage.

Given the intrinsic linkages between spatial and
temporal summation,!?® it is curious that no concur-
rent change in the critical duration was observed when
a GIII stimulus and Ricco’s area—scaled stimuli were
used. Previous research has resulted in the hypothe-
sis that altered temporal summation in conditions such
as glaucoma may be related to RGC-specific dysfunc-
tion and/or alterations in the temporal properties of
receptive fields in higher visual centers (e.g., visual
cortex). If indeed these processes do underpin altered
temporal summation in other diseases, such processes
do not appear to be at play in AMD. Brown and
Lovie-Kitchin®®% found no changes in the critical
duration but did report altered temporal discrimina-
tion in AMD; they proposed that the processes respon-
sible for temporal summation may be more resistant
to degenerative damage caused by AMD compared to
those moderating temporal discrimination. In a similar
manner, the processes or anatomical locations deter-
mining the size of Ricco’s area in AMD may be prefer-
entially damaged in early/intermediate disease while
sparing those responsible for temporal summation.

Implications for Perimetric Assessment of
AMD

The relatively larger Ricco’s areas in dry AMD
compared to those in healthy controls, as presented in
this work, indicate that the standard photopic perime-
try test with a GIII stimulus modulating in luminance
may not be optimal for the detection and monitoring of
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visual function in early-intermediate AMD. The effect
of using a stimulus scaled to the local Ricco’s area,
rather than a conventional GIII stimulus, may be seen
in the plot of disease signal in Figure 6 (expressed as the
mean difference in log energy thresholds between each
control and AMD observer). It is clear that the disease
signal (i.e., test sensitivity) was consistently higher for
the Ricco’s area—scaled stimuli at both 2.5° and 5° and
remained relatively constant with changes in stimulus
duration. Using ROC curves, we also observed that
stimuli capable of probing changes in spatial summa-
tion in AMD exhibit larger AUC values for AMD
detection compared to conventional stimuli. It may,
however, also be noted that, although larger, AUC
values for the novel area-modulation test (stimulus
duration 190.4 ms) were smaller than those required
for a diagnostic test (typically > 0.80). This may be
accounted for by the fact that disease-related changes
were not observed at all locations in the AMD cohort,
so “normal” locations are also within this dataset.
It should also be noted that AUC values will likely
change with disease stage. It is anticipated that, in
early AMD where Ricco’s area is smaller than the
standard GIII stimulus, stimuli capable of probing
summation changes will have larger AUCs compared to
conventional stimuli. This value would become equal in
moderate—late disease where Ricco’s area is equal to or
exceeds the GIII stimulus area. Furthermore, it should
be highlighted that these AUC measures do not repre-
sent a final test (e.g., with associated optimized thresh-
olding algorithm) and as such are used very much in an
exploratory manner.

Although the outcomes of this work indicate that a
stimulus designed to probe changes in spatial summa-
tion would optimize perimetric test sensitivity to the
effects of dry AMD, further work is necessary to deter-
mine if this is also observed in wet AMD and if the
boost in test sensitivity is offset by a related increase in
test measurement variability (noise). It is also necessary
to identify if using perimetric strategies to probe alter-
ations in spatial summation in AMD do indeed offer a
more favorable ratio of disease signal to measurement
noise in all stages of disease. Furthermore, although all
AMD patients in this study had a visual acuity where
PRL adoption would not be anticipated,’* future work
is required to completely exclude this as a factor influ-
encing the findings of this study.

Conclusions

Spatial summation appears to be altered in dry
AMD, possibly as a form of noise-compensatory
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mechanism to account for retinal damage and
secondary disturbances to visual processing in the
visual cortex in the disease. No significant difference in
temporal summation was found between participants
with AMD and healthy controls. The sensitivity of
perimetric strategies to detect and monitor functional
changes in AMD may be markedly improved if stimuli
capable of mapping alterations in spatial summation
are used.>®
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