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Purpose: Weevaluate the impactof test target location inassessing rod-mediateddarkadaptation (RMDA)along
the transition fromnormalaging to intermediateage-relatedmaculardegeneration (AMD).WeconsiderwhetherRMDA
slowsbecause the test locationsarenearmechanisms leading toor resulting fromhigh-riskextracellular deposits.Soft
drusen cluster under the fovea and extend to the inner ring of the ETDRS grid where rods are sparse. Subretinal
drusenoid deposits (SDDs) appear first in the outer superior subfield of the ETDRS grid where rod photoreceptors are
maximal and spread toward the fovea without covering it.

Design: Cross-sectional.
Participants: Adults � 60 years with normal older maculas, early AMD, or intermediate AMD as defined by

the Age-Related Eye Disease Study (AREDS) 9-step and Beckman grading systems.
Methods: In 1 eye per participant, RMDA was assessed at 5� and at 12� in the superior retina. Subretinal

drusenoid deposit presence was identified with multi-modal imaging.
Main Outcome Measures: Rod intercept time (RIT) as a measure of RMDA rate at 5� and 12�.
Results: In 438 eyes of 438 persons, RIT was significantly longer (i.e., RMDA is slower) at 5� than at 12� for

each AMD severity group. Differences among groups were bigger at 5� than at 12�. At 5�, SDD presence was
associated with longer RIT as compared to SDD absence at early and intermediate AMD but not in normal eyes.
At 12�, SDD presence was associated with longer RIT in intermediate AMD only, and not in normal or early AMD
eyes. Findings were similar in eyes stratified by AREDS 9-step and Beckman systems.

Conclusions: We probed RMDA in relation to current models of deposit-driven AMD progression organized
around photoreceptor topography. In eyes with SDD, slowed RMDA occurs at 5� where these deposits typically
do not appear until later in AMD. Even in eyes lacking detectable SDD, RMDA at 5� is slower than at 12�. The
effect at 5� may be attributed to mechanisms associated with the accumulation of soft drusen and precursors
under the macula lutea throughout adulthood. These data will facilitate the design of efficient clinical trials for
interventions that aim to delay AMD progression. Ophthalmology Science 2023;3:100274 ª 2023 by theAmerican
AcademyofOphthalmology. This is anopenaccess article under theCCBY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org.
Age-related macular degeneration (AMD) is a globally
prevalent disease of aging that is managed medically in the
15% of patients with exudative complications and lacks a
targeted treatment for the remaining 85%. Initial trial results
for inhibitors of complement cascade proteins, the largest
pathway implicated by genetics, show promise in slowing
the expansion of atrophy.1e3 Treatments at earlier stages of
ª 2023 by the American Academy of Ophthalmology
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disease, before irreversible tissue and visual damage, remain
a research priority.

A 1993 cross-sectional study from Bird’s group noted
that rod-mediated dark adaptation (RMDA), a functional test
of retinoid resupply to photoreceptors from circulation, was
slow in patients with early AMD.4 In the early 2000s, using
fundus grading to characterize macular health, we showed
1https://doi.org/10.1016/j.xops.2023.100274
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that RMDA worsened from normal aging to early and
intermediate AMD.5,6 Many groups have replicated these
findings and extended them by demonstrating that delayed
RMDA is associated with structural perturbations in
retina.7e18 The prospective Alabama Study on Age-
Related Macular Degeneration showed that the first func-
tional biomarker for incident early AMD was delayed
RMDA. Older adults in normal macular health and slow
RMDA at baseline were 2 times more likely to have early
AMD 3 years later than those with normal RMDA.19

Performance on cone-mediated tasks was unrelated to inci-
dent AMD.20 Furthermore, delayed RMDA in normal older
adults was associated with one of the strongest AMD risk
genes, age-related maculopathy susceptibility 2 (ARMS2).21

Ideally, clinical trial outcomes should meaningfully
impact vision by preventing, halting, or reversing the dis-
ease process. In addition to choosing functional tests that
reflect activity along causal pathways in AMD progression,
test characteristics like repeatability and instrument avail-
ability are important practical considerations for designing a
functional test. To enhance our ability to detect RMDA
slowing and maximize the effect as an outcome, we herein
optimize the retinal eccentricity of the test target. Several
research groups reported that sensitivity recovery by rods
was slowest at 3� to 5� compared to more eccentric loca-
tions,12,13,22,23 without suggesting a biologic basis for this
finding. 18 We found that modulators of rod intercept time
(RIT) rate localized to outer retinal reflective bands at 1.7�
(0.5 mm) and not at 6.9� (2 mm).18 Sharply declining
gradients in photoreceptor density are deployed in a
radially symmetric fashion from the foveal center. Thus,
test targets a few degrees apart stimulate markedly
different numbers of cones, rods, and support cells (Fig
1A, B). Locations close to the fovea with poor RMDA
have low rod:cone ratio (w3e10 at 4�e5�). More
eccentric locations with better performance have higher
rod:cone ratio (w10e15 at 6�e12�).

The current study seeks to evaluate regional differences
in RMDA rate, using test target locations at 5� and 12�
superior to the fovea. We were guided by a model of AMD
pathophysiology, in which 2 layers of extracellular de-
posits related to cone and rod topography each presage
distinct end-stages of neovascularization and atrophy (Fig
1A).30,31 High-risk drusen cluster under the fovea and
extend to the inner ring of the ETDRS grid, mirroring
foveal cones, specialized glia, and xanthophyll pigment.
Subretinal drusenoid deposit (SDD; also called reticular
pseudodrusen) appear first within the outer superior sub-
field of the ETDRS grid where rod photoreceptors are
maximal and spread toward the fovea without covering it.
Thus, poor RMDA may be due to the proximity of the test
location to mechanisms leading to and resulting from high-
risk deposits.

To explore the basis of regional differences in RMDA, the
current study tested RMDA at both 5�, where rods are sparse
and the dominant deposit is soft drusen material, and at 12�,
where rods are numerous, and the dominant deposit is SDD.
Unlike earlier studies of RMDA test target location that used
small samples (23e65 eyes),12,13,22,23 the current study
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includes a large sample (N ¼ 438) of older adults in
normal macular health and with early and intermediate AMD.

Methods

The Alabama Study on Early Age-Related Macular Degeneration 2
(ALSTAR2) is a prospective cohort study on normal aging and
early and intermediate AMD whose purpose is to validate retinal
imaging characteristics in these conditions with visual function
(Clinicaltrials.gov identifier NCT04112667, October 7, 2019). The
study was approved by the Institutional Review Board of the
University of Alabama at Birmingham. All participants provided
written informed consent after the nature and purpose of the study
were explained. Conduct of the study followed the Declaration of
Helsinki. The baseline data from ALSTAR2 were collected be-
tween October 2019 and September 2021, which included a 4-
month pause in enrollment due to the coronavirus disease 2019
pandemic (MarcheJune 2020).

Participants � 60 years old were recruited from the Callahan
Eye Hospital Clinics, the clinical service of the University of
Alabama at Birmingham Department of Ophthalmology and Visual
Sciences. We recruited 3 groupsdthose with early AMD and in-
termediate AMD, and those in normal macular health. The clinic’s
electronic health record was used to search for patients with early
or intermediate AMD using International Classification of Diseases
10 codes (H35.30*; H35.31*; H35.36*). One of the investigators
(C.O.) screened charts to confirm that participants met the eligi-
bility criteria. Exclusion criteria were (1) any eye condition or
disease in either eye (other than early cataract) in the medical re-
cord that can impair vision including diabetic retinopathy, glau-
coma, ocular hypertension, history of retinal diseases (e.g., retinal
vein occlusion, retinal degeneration), optic neuritis, corneal dis-
ease, previous ocular trauma or surgery, refractive error � 6 di-
opters; (2) neurological conditions that can impair vision or
judgment including multiple sclerosis, Parkinson’s disease, stroke,
Alzheimer’s disease, seizure disorders, brain tumor, traumatic brain
injury; (3) psychiatric disorders that could impair the ability to
follow directions, answer questions about health and functioning,
or to provide informed consent; (4) diabetes; (5) any medical
condition that causes significant frailty or was thought to be ter-
minal. Persons in normal macular health met the same eligibility
criteria except they did not have International Classification of
Diseases 10 codes indicative of AMD. Letters were sent to po-
tential participants, with the study coordinator following up by
phone to determine interest.

One eye was tested for each participant, with the eye selected
for testing being the eye with better acuity. If the eyes had the same
acuity, then an eye was randomly selected. Classification into the 3
groups was based on a trained grader’s (M.E.C.) evaluation of 3-
field color fundus photographs taken with a digital camera
(450þ, Carl Zeiss Meditec) following dilation with 1% tropica-
mide and 2.5% phenylephrine hydrochloride. The Age-Related
Eye Disease Study (AREDS) 9-step classification system32 was
used by the grader to identify AMD presence and severity, and
group membership was determined, as follows: eyes in normal
macular health had AREDS grade 1, early AMD had grades 2 to
4, and intermediate AMD had grades 5 to 8. We also used the
Beckman classification system33 with normal aging as grades 1
to 2, early AMD as grade 3, and intermediate AMD as grade 4.
The grader was masked to all other participant characteristics. As
described,14 intragrader agreement was K ¼ 0.88; intergrader
agreement with a second grader was K ¼ 0.75.

Demographic information for birthdate, gender, and race/
ethnicity was obtained through self-administered questionnaire.

http://Clinicaltrials.gov
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Figure 1. Center-surround model of vision function testing and deposit-driven age-related macular degeneration (AMD) progression. This study tests the
hypothesis that rod-mediated dark adaptation (RMDA) will be poor (slower) at test locations affected by mechanisms leading to and resulting from
extracellular deposits with high risk for AMD progression, viz., soft drusen and subretinal drusenoid deposit (SDD). A1e4, Locations of test targets and
AMD deposits, shown on an ETDRS grid. A1, The test target locations are 5� and 12� superior to the fovea. Blue indicates SDD,24 also shown alone in
(A2). Gray indicates soft drusen material,25 also shown alone in (A3). A2, At 12� SDD is dominant, and rods are numerous. A3, At 5�, soft drusen and
basal linear deposit are dominant, and rods are sparse. A4, Xanthophyll carotenoids are abundant in the central subfield of ETDRS grid and reduced in the
inner ring. B, Spatial density of cone and rod inner segments and retinal pigment epithelium (RPE) in human retina.26,27 Shades of yellow indicate subfields
of the ETDRS grid. Central subfield and inner ring exhibit the highest and next-highest population-level risk for AMD progression.28 Together these are
coterminous with the macula lutea, containing the highest concentration of xanthophyll pigment, in (C). C, Cross-section of central macula showing
xanthophyll carotenoid pigment concentrated in the foveal center with extensions into the plexiform layers and nerve fiber layer.15,29 Foveal cones are
protected by specialized Müller glia that harbor these pigments and access nutrients and oxygen via the retinal circulation. BLinD ¼ basal linear
deposit; ChC ¼ choriocapillaris; DCP ¼ deep capillary plexus; GCL ¼ ganglion cell layer; HFL ¼ Henle fiber layer; ICP ¼ intermediate capillary
plexus; INL ¼ inner nuclear layer; IPL ¼ inner plexiform layer; IS ¼ inner segment; ONL ¼ outer nuclear layer; OPL ¼ outer plexiform layer; OS ¼
outer segment; SCP ¼ superficial capillary plexus.

Owsley et al � Test Target Location for Dark Adaptation
Rod-mediated dark adaptation was assessed with the AdaptDx
(MacuLogix). Testing occurred in a dark, light-tight room after
dilation. Dark adaptation was measured with targets at 2 locations
on the superior vertical meridian of retina, run in separate protocols
separated by approximately 60 minutes: 5� eccentricity to probe the
area of proportionately greatest rod loss in aging and AMD 34,35

and 12� eccentricity to probe the area of highest rod density.34

The order of RMDA testing for each target location was
randomly determined for each participant. The procedure began
with a photo-bleach exposure to a 6� diameter flash centered at
each test target location (equivalent w83% bleach; 50 ms duration,
58 000 scotopic cd/m2 s intensity36) while the participant focused
on the fixation light. Threshold measurement (3-down/1 up
threshold strategy) for a 2� diameter, 500 nm circular target began
15 seconds after bleach offset. The participant was instructed to
maintain fixation and press a button when the flashing target first
became visible. Log thresholds were expressed as sensitivity in
decibel units as a function of time since bleach offset. Threshold
measurement continued at 30-second intervals until the RIT was
reached. Rod intercept time is the duration in minutes required for
sensitivity to recover to a criterion value of 5.0 � 10�3 scotopic cd/
m2,19,37 located in the latter half of the second component of rod-
mediated recovery.38,39 If RIT was not reached, the threshold
measurement procedure stopped at 45 minutes. For some
participants where the threshold measurement procedure was
stopped, the AdaptDx’s algorithm generated a RIT if it could be
computed based on previous thresholds. Participants with
fixation errors > 30% were excluded from analysis.

Prompted by evidence that SDD accentuate RMDA delays,7e9

we also examined RMDA at 5� and 12� locations comparing eyes
with SDD and eyes with no detectable SDD. As described,40 SDD
presence was identified using multimodal imaging in 2 steps. An
initial screening step utilized near infrared reflectance and en
face OCT using Spectralis HRA þ OCT (Heidelberg
3
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Figure 2. Scatter plot showing rod intercept time (RIT) at 5� and 12� for
each participant stratified by Age-Related Eye Disease Study (AREDS) 9-
step age-related macular degeneration (AMD) severity. The identity line
represents a hypothetical scenario in which rod-mediated dark adaptation
(RMDA) 5� and RMDA 12� are equal (x ¼ y, slope ¼ 1) in each
participant. The majority had longer RITs at 5� compared to 12�. RIT for
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Engineering). In near infrared reflectance imaging, SDD lesions
had to be visible as either solid or annular hyporeflective lesions
in a distinct punctate pattern.41 En face OCT slabs were
generated by setting the top boundary at the external limiting
membrane band and the lower boundary at the interdigitation
zone band. In these slabs SDD had to be visible as a patchy
hyperreflective pattern or solitary hyperreflective lesions each
surrounded by a hyporeflective annulus. Once SDD was visible
on either near infrared reflectance or en face OCT, � 5 definite
accumulations above the retinal pigment epithelium (RPE) in >
1 B-scan on cross-sectional OCT were required for confirming
SDD presence.41 These assessments were made by a grader
(D.K.) masked to all visual function characteristics. A second
grader (M.E.C.), also masked to visual function, assessed a
random 14% sub-sample of study eyes. Agreement with the first
grader on the presence of SDD was strong (Cohen’s k ¼ 0.89,
95% confidence interval 0.77e1.0).

Statistical Analysis

Continuous and categorical data were summarized using means and
standard deviations or number and percent. Rod intercept time at 5�
and 12� by AMD severity category were compared using analysis of
covariance with pairwise comparisons for all eyes testing for inter-
action between SDD presence and AMD severity. All models were
age-adjusted. Rod intercept time at 5� and 12� was compared for all
eyes using a paired t-test. At each target location, we also compared
eyes with SDD to eyes with no SDD stratified by AMD status with
analysis of covariance adjusted for age. The frequency of invalid tests
at each location was compared using a chi-square test. The signifi-
cance level for all analyses was P � 0.05 (2-sided). Analyses were
completed in SAS version 9.4 (SAS Institute).
RMDA 5� in intermediate AMD eyes is � 9.5 minutes, whereas RIT in
many older normal and early AMD eyes is < 9.5.
Results

A total of 438 eyes from 438 participants had RMDA tested
at both 5� and 12�. Table S1 (available at https://
www.ophthalmologyscience.org) shows the demographic
characteristics of the sample. Approximately 91% of
participants were between 60 and 79 years old. Eyes with
SDD were from persons on average older than eyes with
no SDD (SDD: mean age 73.4 (5.7); No SDD: mean age
71.2 (6.1), P ¼ 0.0014). Using the AREDS 9-step system,
persons with intermediate AMD were on average older than
persons with normal eyes and those with early AMD
(P < 0.0001). About 2/3 of the sample was female and >
90% were white of European descent.

Figure 2 compares RIT at 5� and 12� for each participant
in a scatter plot. This analysis demonstrates that across the
spectrum of measurements, RIT at 5� was longer than 12�
(P < 0.0001). This figure also shows that the difference
between 5� and 12� widened with greater AMD. Thus, for
RIT values < 9.5 minutes, there were more normal and
early AMD eyes and no intermediate AMD eyes. At the
longest RIT for RMDA 5� (� 45 minutes), RIT for
RMDA 12� was highly variable.

When eyes are stratified by the AREDS 9-step system,
RIT is significantly longer (i.e., RMDA is slower) at 5� than
at 12� for each AMD severity group (P < 0.0001 in each
individual group), as shown in Figure 3. As illustrated in Fig
S4 (available at https://www.ophthalmologyscience.org), we
also found a significant interaction for RIT between eyes
4

with SDD versus no SDD and AMD severity group for 5�
(P ¼ 0.0012) and 12� (P < 0.0001). At 5� SDD presence
is associated with greater RIT for SDD as compared to
SDD absent at both early and intermediate AMD. There
was no difference in RIT for SDD presence versus SDD
absence in normal older eyes. At 12� SDD presence was
associated with greater RIT at intermediate AMD only,
and not in normal older eyes or in early AMD. Among all
participants, RIT at both 5� and 12� increased with AMD
severity (Table 2). When comparing by AMD severity, at
5� eyes in normal macular health were significantly faster
than eyes with early and intermediate AMD (P ¼ 0.0008
and P < 0.0001, respectively) and early AMD faster than
intermediate AMD (P < 0.0001). Results were similar for
12�, except that normal eyes did not differ from early
AMD eyes (P ¼ 0.0678). When stratified by SDD status,
RIT was significantly faster at both 5� and 12� among
eyes without SDD than in eyes with SDD. Among eyes
with SDD, RIT did not differ in normal eyes compared to
those with early AMD at 5� and 12� but did for normal
eyes versus intermediate and early versus intermediate
eyes. At 5�, 6.9% of the sample had fixation errors
exceeding 30%, indicating the data are invalid and could
not be used. The frequency of invalid tests at 12� was
10.6%, significantly higher than 5� (P < 0.0001).

We next report the results using the Beckman classifi-
cation system, in Figs S5 and S6, analogous to Figure 3 and

https://www.ophthalmologyscience.org
https://www.ophthalmologyscience.org
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Figure 3. Box plots comparing the distributions of rod intercept time
(RIT) at 5� and 12� stratified by Age-Related Eye Disease Study (AREDS)
9-step age-related macular degeneration (AMD) severity. Note that RIT is
greater at 5� than at 12� in each disease severity group, meaning that the
rate of rod-mediated dark adaptation (RMDA) is slower at 5�. Rod inter-
cept time at 5� was set to 45 minutes for 1 eye in normal macular health, 1
eye with early AMD and 13 eyes with intermediate AMD. At 12�, RIT was
set to 45 minutes for 2 eyes with intermediate AMD. Outliers are values 1.5
times the inter-quartile range below quartile 1 and above quartile 3. This is
also the case in Figs S4eS6.

Owsley et al � Test Target Location for Dark Adaptation
Fig S4 using the AREDS 9-step system, and available at
https://www.ophthalmologyscience.org. Note that a major
difference in the Beckman system compared to the AREDS
9-step system, as applied to this cohort, is that the Beckman
system decreases the number of eyes graded as early AMD
and increases the number of eyes graded as intermediate
AMD. In our sample, for the AREDS 9-step system, there
were 129 early AMD eyes, whereas in the Beckman there
are only 87, due to 42 eyes moving to the intermediate
AMD category in Beckman. For eyes classified by the
Beckman and tested at 5�, RIT is higher in early and in-
termediate AMD for SDD as compared to no SDD. This
result is similar to the result for the AREDS 9-step classi-
fication system in Fig S4 (available at https://
www.ophthalmologyscience.org). At 12�, RIT in eyes
with SDD is longer than in eyes without SDD, for
intermediate AMD only, with no differences in normal
aging and early AMD. This result is similar to the
AREDS 9-step result in Fig S4 (available at https://
www.ophthalmologyscience.org).

Discussion

In this large sample of well-characterized participants, we
find that RMDA rate assessed at 5� differs more between
normal aging to intermediate AMD than RMDA rate
assessed at 12�. Others12,13,22,23 have also found slower
RMDA at 5� in AMD as compared to more eccentric
locations (also summarized in42). We probed RMDA in
relation to photoreceptor topography and current models
of deposit-driven AMD progression (Fig 1). At 5� SDD
deposits typically are absent until well into AMD
progression. They first appear near the superior arcades
and spread toward the fovea without covering it. As
developed below, these seemingly counterintuitive
findings for SDD-bearing eyes most likely result from
processes leading to and resulting from soft drusen under the
fovea, which begins earlier in life than SDD.43,44 Our results
have ramifications for the design of clinical trials and
observational studies. Regional specificity of RMDA,
along with information about study design, intervention
type, and intervention mechanism of action can lead to
efficient clinical trials for a disease that is both prevalent
and lacking a targeted treatment.

Our focus on the interface of aging and AMD is a
powerful approach for probing disease mechanisms prior to
secondary effects in atrophy like intense gliosis.45 Further,
using retinal eccentricity is also powerful, because of the
wide range and steep gradients of cone and rod densities
in human macula (Fig 1B). Cone photoreceptor density
peaks in the foveal central bouquet (at 0�) and decreases
by 10-fold by w3.5� (1 mm). Rods appear at w0.6�
(0.175 mm) from the fovea and increase to a maximum like
that of cones (w150 000/mm2) at 10.4� to 17.4� (3e5 mm),
in an elliptical ring at the vascular arcades that also sur-
rounds the optic nerve head. The inner slope of the rod ring
(including 5�) is proportionately more affected by cell loss
in aging than the crest of the ring (at 12�). Tests of visual
function thus provide an opportunity to assess mechanisms
underlying the vulnerability of parafoveal rods, in the
context of resilient foveal cones.

In layered outer retina, and assuming a largely monotonic
progression sequence (i.e., always getting worse with time),
disease at any one time point is most severe in the layer
where it started first. Extracellular deposits (soft drusen,
SDD) generally expand over time, yet a small portion
disappear without atrophy, and together these represent
daily variation in cellular activities. Based on large effect
sizes in aging, degeneration of choriocapillaris endothelium
and lipidation of Bruch’s membrane (BrM) are strong can-
didates for initial site of degeneration, impacting the transfer
of constitutively produced materials to and from the
choroidal circulation. By histochemistry, the “Oil Spill in
BrM” under the fovea starts with lipoprotein deposition in
late adolescence, becoming visible clinically later.43,44 It
unfolds throughout adulthood to manifest as soft drusen
and basal linear deposit in eyes > 60 years.

Like drusen, SDD have a lifespan trajectory, and it is
incompletely described to date. By histology they can occur
in eyes with insufficient RPE degeneration to meet criteria
for AMD.25 Patients with SDD are often reported as older
than patients without them,46,47 as we also found in this
study. Interestingly, a common SDD progression pathway
is neovascularization of retinal origin (type 3, or retinal
angiomatous proliferation).48 Like the slowest RMDA
5
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Table 2. RIT Stratified by AMD Severity Group for Test Targets Presented at 5� and 12�

Test Target Location

Normal Macular Health Early AMD Intermediate AMD P-Values

Mean (SD) Mean (SD) Mean (SD) Overall Normal vs Early Normal vs Intermediate Early vs Intermediate

All eyes N ¼ 220 N ¼ 129 N ¼ 89
5� RIT 12.0 (5.5) 15.2 (9.2) 28.3 (11.9) < 0.0001 0.0008 < 0.0001 < 0.0001
12� RIT 9.8 (3.2) 11.2 (5.4) 18.1 (10.6) < 0.0001 0.0678 < 0.0001 < 0.0001

Eyes without SDD N ¼ 200 N ¼ 97 N ¼ 48
5� RIT 11.8 (5.0) 14.1 (7.7) 23.8 (10.3) < 0.0001 0.0091 < 0.0001 < 0.0001
12� RIT 9.7 (2.6) 10.9 (5.7) 13.5 (4.6) < 0.0001 0.0146 < 0.0001 0.0032

Eyes with SDD N ¼ 20 N ¼ 32 N ¼ 41
5� RIT 13.5 (9.0) 18.7 (12.0) 33.6 (11.4) < 0.0001 0.0848 < 0.0001 < 0.0001
12� RIT 11.1 (7.0) 12.0 (4.7) 23.4 (13.0) < 0.0001 0.7484 < 0.0001 < 0.0001

Results are stratified by SDD presence. Comparisons are age-adjusted. AMD ¼ age-related macular degeneration; RIT ¼ rod intercept time; SD ¼ standard
deviation; SDD ¼ subretinal drusenoid deposit.
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rates, type 3 neovascularization also occurs close to the
fovea, i.e., not near the SDD themselves, and typically in
conjunction with large soft drusen.49e51 One could envi-
sion a scenario in which SDD occur in the setting of the
same vascular insufficiency (i.e., choriocapillaris and BrM
failure) that led to drusen. Notably, SDD are not specific to
AMD but also occur in diseases with BrM pathology and
deposition of aberrant RPE basal lamina material,52,53 where
delayed RMDA also occurs.54,55

The model in Figure 1 potentially explains the spatial
dissonance between SDD, visual consequences, and
sequelae. In brief, we hypothesize that soft drusen
preferentially cluster under the fovea28,56 due to a highly
focused area of lipid transfer on top of age-related
dysfunction of choriocapillary endothelium and BrM that
collectively impairs transfer to and from the circulation. The
RMDA 5� test location lies on the perimeter of this region in
the inner ring of the ETDRS grid. This location could be
affected by both deposits, yet by the reasoning above, it is
affected by drusen-related processes before it is affected by
SDD-related processes. Lipid transfer is focused at the
fovea, because xanthophyll carotenoid pigments are highly
concentrated in foveal neurons and Müller glia and are
replenished by diet.57 After taking up plasma high-density
lipoprotein and low-density lipoprotein and transferring
carotenoids to the neurosensory retina,58,59 RPE releases
unneeded lipids back to the circulation in its own large
cholesteryl ester-rich lipoproteins. 60 These accumulate in,
then on, BrM as soft drusen material. Hypoxia ensues due
to RPE elevation, and component lipids become
peroxidized and pro-inflammatory. To date, limited evi-
dence indicates that inflammation associated with SDD
occurs well into AMD. In our model, rods are vulnerable
because they depend on the choriocapillaris. Cones are
sustained by xanthophyll-enriched glia and glial access to
the retinal vasculature. Deposit-driven progression is best
explained by an early transport failure across the chorioca-
pillaris and BrM (“floor of microangiopathy”)61. As disease
continues, we also suspect changes in uptake and transfer
functions of RPE. Our previous OCT analysis18 showed
that pixels on either side of the RPE-basal lamina-BrM
band were highly predictive of RIT.
6

Selection of RMDA as an outcome measure in AMD
should consider these issues. Our finding that RMDA is
slower at 5� than at 12� agrees with previous findings of
long RIT near the fovea.12,13,22,23 Thus, testing at 12� takes
less time and may be preferred if protocol length is the
primary consideration. Yet we emphasize that effect size
is much bigger at 5� than 12� in all groups. For example,
comparing intermediate AMD to older normal eyes, the
effect size for RMDA 12� is 8.3 minutes, but it is double
(16.3 minutes) for RMDA 5�. This is also true when
comparing early AMD versus normal eyes. These effect
sizes become even larger for eyes with SDD (20.1
minutes for 5� and 12.3 minutes for 12�). A larger effect
size engenders higher statistical power in evaluating
hypotheses, while also implying a smaller sample. Thus,
in comparing AMD eyes to normal eyes, RIT can be
achieved more quickly at 12� than at 5� but at the cost of
halving the effect size. In turn, choosing 12� may increase
the number of patients, the length of a trial, or both.
Another consideration is that observer responses for non-
foveal targets involve more fixation errors.62,63 This was
borne out in our study where 10.6% of participants had
invalid RMDA data at 12� (> 30% fixation errors) and
only 6.9% had invalid data at 5�.

We stratified eyes using a color fundus photography
grading system (AREDS 9-step), which is reliable in our
hands and compatible with our published and forthcoming
data. Notably, we obtained consistent results with both
AREDS32 and Beckman33 grading systems, despite the fact
that the number of eyes considered early AMD differed
between the 2 stratifications (N ¼ 129 eyes for AREDS;
N ¼ 87 for Beckman). We attribute this shift to eyes with
pigmentary changes only (without drusen) being considered
early AMD in AREDS and intermediate AMD in Beckman.
Of note, AREDS includes a mechanism for SDD
bookkeeping but does not consider them in the final grade;
Beckman does not mention SDD at all. The absence of SDD
in AMD classification systems, particularly for the Beckman
system, created at a time when histologic correlates indeed
had either already been offered or were forthcoming,30,64 is
clearly a limit to understanding AMD disease severity. The
AREDS and Beckman systems were developed for different
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purposes (progression versus consensus), a full explication of
which is beyond our current scope. A standardized
multimodal imaging for AMD onset and progression does
not yet exist. The ALSTAR2 imaging dataset may be useful
for generating a system in the future.

A strength of the study is a large sample of eyes
(N ¼ 438) designed to focus on the emergence of AMD,
an infrequently studied disease stage in AMD research.
The study design incorporated precise measures of macular
photoreceptor topography and a model of deposit-driven
progression. Thus, we assessed locations with distinct
cellular content, aging changes, and predominant pathol-
ogy. A relatively new imaging approach incorporating en
face OCT was used to identify eyes with SDD. Limitations
include the predominance of participants of European
descent, the testing of only 2 retinal locations, and the lack
of functional assessment of retina overlying specific de-
posits. Graders who independently evaluated the presence
of SDD may have missed SDD identification in some
situations, although the agreement between graders was
strong.

Ideally, clinical trial outcomes should meaningfully
impact vision by preventing, halting, or reversing the
disease process and visual decline. This goal is achievable
with assessments (functional or structural) that reflect how
treatments modify causal pathways in AMD progres-
sion.65,66 We believe that RMDA has potential of being
such a test. We emphasize that our study design is
cross-sectional and thus offers insight rather than
measured disease progression. However, strong results
from the baseline cohort support the overall conceptual
framework of ALSTAR2,67 which will be tested further at
follow-up. The remarkable geometry of photoreceptors
and their support cells, and diagnostic technologies like
OCT, RMDA, and others in development, allows visual-
izable interrogation of cells in action, over time. One can
imagine a 4-D puzzle being deciphered by investigators
worldwide.68
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