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Abstract

Purpose—To analyze reticular pseudodrusen (RPD) as an independent risk factor for progression
to late age-related macular degeneration (AMD), alongside traditional macular risk factors (soft
drusen and pigmentary abnormalities) considered simultaneously.

Design—~Post hoc analysis of two clinical trial cohorts: Age-Related Eye Disease Study
(AREDS) and AREDS?2.

Participants—Eyes with no late AMD at baseline in AREDS (n=6959 eyes, 3780 participants;
mean age 69.4y) and AREDS2 (n=3355 eyes, 2056 participants; mean age 72.3y).

Methods—Color fundus photographs (CFP) from annual study visits were graded for soft
drusen, pigmentary abnormalities, and late AMD. RPD presence was determined by grading
of fundus autofluorescence images (AREDS2) and deep learning grading of CFP (AREDS).
Proportional hazards regression analyses were performed, considering AREDS AMD severity
scales (modified simplified severity scale (person) and 9-step scale (eye)) and RPD presence
simultaneously.

Main outcome measures—Progression to late AMD, geographic atrophy (GA), and
neovascular AMD (NV).
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Results—In AREDS, for late AMD analyses by person, in a model considering the modified
simplified severity scale simultaneously, RPD presence was associated with higher risk of
progression: hazard ratio (HR) 2.15 (95% CI 1.75-2.64). However, the risk associated with

RPD presence differed significantly at different simplified severity scale levels: HR 3.23 (1.60-
6.51), 3.81 (2.38-6.10), 2.28 (1.59-3.27), and 1.64 (1.20-2.24), at levels 0-1/2/3/4, respectively.
Considering the 9-step scale (by eye), RPD presence was also associated with higher risk: HR
2.54 (2.07-3.13). The HRs were 5.11 (3.93-6.66) at levels 1-6 and 1.78 (1.43-2.22) at 7-8. In
AREDS?2, by person, RPD presence was not associated with higher risk: HR 1.18 (0.90-1.56);
by eye, it was: HR 1.57 (1.31-1.89). No significant differences in risk were observed at different
severity levels, for the limited spectrum in AREDS2. In both cohorts, RPD presence carried higher
risk for GA than NV.

Conclusions—RPD represent an important anatomical risk factor for progression to late AMD,
particularly GA. However, the added risk associated with RPD varies markedly by severity level. It
carries highly increased risk at lower/moderate levels and less increased risk at higher levels. RPD
status should be included in updated AMD classification systems, risk calculators, and clinical
trials.

Précis
Reticular pseudodrusen presence is associated with increased risk of progression to late age-
related macular degeneration, particularly geographic atrophy, above that captured by soft drusen
and pigmentary abnormalities.

Introduction

Making accurate prognostic predictions of the risk of progression to late age-related macular
degeneration (AMD), as a form of personalized medicine, is important for several reasons:
to inform and counsel patients, to recommend evidence-based interventions where suitable,
to make tailored plans for follow-up and reimaging at appropriate intervals, and/or for home
monitoring, and for research and clinical trial recruitment.18 Making predictions of the
differential risk of atrophic versus neovascular AMD would also be valuable, for similar
reasons.

Two common methods for making predictions for progression to late AMD, using
phenotypic information alone, have been described previously.210 The Age-Related Eye
Disease Study (AREDS) 9-step Severity Scale is a detailed scale that can be applied to
any eye without late AMD; a score from 1-9 is assigned (with 9 representing non-central
geographic atrophy (GA)), based on quantitative assessment of soft drusen and AMD
pigmentary abnormalities in the macula.? Use of this scale is typically confined to the
research and reading center settings, owing to its complexity. By contrast, the AREDS
Simplified Severity Scale was designed for everyday use in the clinical setting.10 It is
applied at the person level, as described below. In both cases, higher levels on the scale
are associated with increased risk of progression to late AMD; the 5-year rates have been
published previously.®19 Hence, both of these common methods for making predictions of
progression to late AMD rely on just two macular features: soft drusen and pigmentary
abnormalities.
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Since the publication of these scales, awareness has increased of a third common
phenotypic feature in AMD: subretinal drusenoid deposits (SDD), also known as reticular
pseudodrusen (RPD).1112 RPD are often poorly visible on clinical examination or color
fundus photography (CFP), but are well demonstrated on multimodal imaging, including
fundus autofluorescence (FAF), near-infrared (NIR) reflectance, and optical coherence
tomography (OCT).11-17 The availability of multimodal imaging and expert grading might
represent a limitation to incorporating RPD into severity scales for routine clinical use.
However, recent deep learning approaches have demonstrated that RPD presence can be
detected automatically with high accuracy from FAF images or OCT images, and even with
moderately high accuracy from CFP images alone.18-20 This has the potential to widen
substantially the accessibility of RPD grading.

Importantly, longitudinal studies such as the AREDS2 have shown that RPD presence is
associated with increased risk of progression to late AMD.15 It is therefore likely that
incorporating this third feature into severity scales and prediction algorithms may improve
their accuracy. However, in the previous AREDS?2 analyses, the altered risk was reported
in isolation, irrespective of AMD severity related to the two other macular features.1® It
remains to be studied whether the increased risk of progression to late AMD is distributed
evenly across the spectrum of non-advanced AMD severity.

The purpose of the current study was therefore to analyze rates of progression to late AMD
outcomes, based on a combination of the new feature (RPD) and the two traditional features
(soft drusen and pigmentary abnormalities), considered simultaneously. This represents an
important step towards the development of an updated clinical classification system and
improved risk prediction algorithms.

Study populations and procedures

The AREDS was a multicenter phase Il randomized controlled clinical trial designed

to assess the effects of nutritional supplements on AMD and cataract progression.2! The
AREDS study design has been described previously.2! In brief, 4,757 participants aged 55 to
80 years were recruited between 1992 and 1998 at 11 retinal specialty clinics in the United
States. The randomized clinical trial lasted five years and was followed by epidemiologic
follow-up for another five years.

The AREDS?2 was a multicenter phase 111 randomized controlled clinical trial designed

to assess the effects of carotenoid and omega-3 fatty acid supplements on the course of
AMD in people at moderate to high risk of progression to late AMD.22 The AREDS2 study
design has been described previously.22 In brief, 4,203 participants aged 50 to 85 years

were recruited between 2006 and 2008 at 82 retinal specialty clinics in the United States.
Inclusion criteria at enrollment were the presence of either bilateral large drusen or advanced
AMD in one eye and large drusen in the fellow eye. The randomized clinical trial lasted five
years.
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In both studies, at baseline and annual study visits, comprehensive eye examinations were
performed, and CFP were taken by certified study personnel, according to standardized
protocols. In both cases, the primary endpoint was progression to advanced AMD (defined
as neovascular AMD or central GA), based on CFP grading and/or a history of treatment for
neovascular AMD, as described previously.2122 For both studies, institutional review board
approval was obtained at each clinical site and written informed consent for the research was
obtained from all study participants. The research was conducted according to the tenets of
the Declaration of Helsinki. The AREDS2 complied with the Health Insurance Portability
and Accountability Act.

AREDS?2 fundus autofluorescence imaging and reading center grading for reticular
pseudodrusen

The AREDS?2 ancillary study of FAF imaging was conducted at 66 selected clinic sites,
according to the availability of imaging equipment, as described previously.15 Sites were
permitted to join the ancillary study at any time after FAF imaging equipment became
available during the five-year study period. The FAF images were acquired from the
Heidelberg Retinal Angiograph (Heidelberg Engineering, Heidelberg, Germany) and fundus
cameras with autofluorescence capability by certified technicians using a standardized
protocol. For the Heidelberg images, a single image was acquired at 30 degrees, centered

on the fovea, captured in high-speed mode (768 x768 pixels), with the automated real time
mean function set at 14.

The FAF images were assessed for RPD presence by graders at the Wisconsin Reading
Center. The grading protocol and definitions have been described previously.1® In brief,
RPD were defined as clusters of discrete round or oval lesions of hypoautofluorescence,
usually similar in size, or confluent ribbon-like patterns with intervening areas of normal or
increased autofluorescence; a minimum of 0.5 disc areas (approximately five lesions) was
required. Two primary graders at the reading center independently evaluated FAF images for
the presence of RPD; in the case of disagreement, a senior grader would adjudicate the final
grade. Inter-grader agreement for the presence/absence of RPD was 94%.1°

The reading center graders were permitted to consider the whole time series of FAF images
for each eye, particularly in the case of an individual image with poor quality for assessing
RPD status.5 If the first FAF image available could not be graded for RPD status, but

RPD were absent in subsequent FAF images, RPD status was considered absent in the first
FAF image also. If RPD status could not be graded in the first FAF image, but RPD were
present or could not be graded in subsequent FAF images, no such inference was made; RPD
status remained missing for the first FAF image and that time point was excluded from the
analyses (i.e., the baseline was shifted forwards in time, according to the approach described
below).

AREDS deep learning algorithm grading of color fundus photographs for reticular
pseudodrusen

Reading center grading for RPD presence was not available in the AREDS, owing to the
absence of imaging other than CFP. Grades for RPD presence were therefore obtained
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by deep learning-based automated grading of the CFP. The algorithm and its performance
metrics have been described previously.1® In brief, a deep learning algorithm was trained
by exposing it to over 8000 AREDS2 CFP-FAF image pairs (from the AREDS2 ancillary
FAF study described above). The ground truth labels for RPD presence/absence in each
image pair came from grading of the FAF images, as described above (i.e., label transfer).
Multimodal multitask training was used, whereby the algorithm first underwent joint
training with two other deep learning algorithms (an FAF algorithm and a CFP-FAF
algorithm), using a representation shared between the three algorithms. This was followed
by additional training separately from the two other algorithms, i.e., fine-tuning training
suitable for grading from CFP alone. The benefits of multimodal multitask training are
that what is learned by each algorithm from each image modality can improve the training
of the other algorithms (by sharing features that are complementary between the image
modalities), i.e., the grading from CFP alone benefits from paired FAF images having
been present during training. In previous evaluation of the deep learning algorithm on

an AREDS?2 test set of CFP images, it achieved an area under the receiver operating
characteristic (AUROC) of 0.832; in external validation using an independent test set
(Rotterdam Study, Netherlands), it achieved an AUROC of 0.965.1°

Statistical methods

For the AREDS study population, eyes and participants were considered from the point of
study baseline onwards, since RPD grades were available for all visits. For the AREDS2
study population, eyes and participants were considered from the earliest study visit
possible, in the following way. In the case of AREDS?2 eyes with RPD graded as absent

at the first study visit with FAF available, RPD grades were defined as also absent in any
previous study visits (i.e., those without FAF available); these eyes were considered from
the time-point of study baseline onwards. In the case of AREDS?2 eyes with RPD graded
as present at the first study visit with FAF available, no assumptions were made about RPD
presence/absence at previous time-points; these eyes were considered from the time-point of
the first study visit with FAF available onwards (i.e., the baseline was shifted forwards in
time).

Modified Simplified Severity Scale

The unit of analysis was at the person level, owing to the person-based nature of the severity
scale. Analyses were conducted separately for the AREDS and AREDS? datasets. In each
case, eligible participants were those without late AMD (defined as neovascular AMD or
any GA\) in either eye at baseline and with at least two study visits. These participants were
stratified on the basis of both (i) a modified simplified severity scale (0-4) at baseline and
(if) RPD presence/absence at baseline. The modified simplified severity scale was defined
as follows, using information from both eyes: a score of 0-4 was recorded, based on the
presence or absence of large drusen and AMD pigmentary abnormalities in the macula, with
one point assigned for each feature in each eye (and, in the absence of large drusen in either
eye, one point assigned if both eyes have medium-sized drusen). The modification from the
original Simplified Severity Scalel (in which non-central GA counted only as a pigmentary
abnormality, rather than as part of the outcome) was made so that any GA (including non-
central GA) could be considered as part of the outcome of late AMD, in line with modern
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practice. Multivariable proportional hazards regression was performed, with progression

to (i) late AMD, (ii) neovascular AMD, and (iii) any GA as three separate outcomes,
according to the modified severity scale and RPD presence. The models were adjusted for
age, sex, smoking, and (for AREDS only) body mass index (BMI). The proportional hazards
assumption was tested in all cases. Significance was set at p=0.05.

9-step Severity Scale

Results

The unit of analysis was at the eye level, owing to the eye-based nature of this severity
scale. Again, analyses were conducted separately for the AREDS and AREDS?2 datasets.

In each case, eligible eyes were those without late AMD (defined as neovascular AMD or
any GA\) at baseline and with at least two study visits. These eyes were stratified on the
basis of both (i) 9-step Severity Scale at baseline and (ii) RPD presence/absence at baseline.
Multivariable proportional hazards regression was performed, with progression to (i) late
AMD, (ii) neovascular AMD, and (iii) GA as three separate outcomes, according to the
9-step Severity Scale and RPD presence. The models were adjusted for age, sex, smoking,
BMI (for AREDS only), and correlation between eyes; adjustment for correlation between
eyes was made in SAS by using the robust sandwich estimate for the covariance matrix in
the Wald tests.23 The proportional hazards assumption was tested in all cases. Significance
was set at p=0.05. All analyses were conducted using SAS version 9.4 (SAS Inc, Cary, NC).

Risk of progression to late age-related macular degeneration by the modified simplified
severity scale and reticular pseudodrusen status, at the person level, in the AREDS

The study population for these analyses comprised 3182 participants. Their demographic
and clinical characteristics are shown in Table 1. The number of participants with RPD
present at baseline (in either eye, by deep learning assessment of CFP) was 235 (7.4%). The
number of participants that progressed to late AMD (defined as neovascular AMD or any
GA\) in either eye, during mean follow-up of 9.0 years, was 569 (17.9%).

For the outcome of progression to late AMD, higher levels on the modified severity scale,
considered in isolation from RPD status, were significantly associated with higher risks

of progression. The hazard ratios were 7.0 (95% confidence interval 5.3-9.1, p<0.0001),
15.2 (11.7-19.9, p<0.0001), and 33.9 (26.1-44.0, p<0.0001) for severity levels 2, 3, and 4,
respectively (compared with a reference level of 0-1). Similarly, RPD presence, considered
in isolation from the modified severity scale, was associated with a significantly higher risk
of progression: hazard ratio 4.7 (3.9-5.8, p<0.0001). However, with the severity scale and
RPD presence considered simultaneously, a statistically significant interaction was observed
between them: p=0.036. Stratified analyses were therefore performed. The hazard ratios
associated with RPD presence, considered separately for severity levels 0-1, 2, 3, and 4,

are shown in Table 2 and Figure 1. The hazard ratios associated with the severity scale,
considered separately according to RPD presence and absence, are shown in Supplementary
Table 1. The Kaplan-Meier curve of progression to late AMD, stratified according to the
two variables considered simultaneously, is shown in Figure 2. In all analyses, similar results
were obtained when considering RPD as a time-dependent variable.
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Geographic atrophy and neovascular age-related macular degeneration

For both progression to GA and to neovascular AMD, higher levels on the modified severity
scale were significantly associated with higher risks of progression. Similarly, for both
subtypes, RPD presence (considered in isolation from the modified severity scale) was
associated with significantly higher risks: the hazard ratio was particularly high for GA
(5.9, 4.8-7.3, p<0.0001), compared to neovascular AMD (3.1, 2.4-4.1, p<0.0001). With the
severity scale and RPD presence considered simultaneously, a significant interaction was
observed for neovascular AMD (p=0.01) and a borderline significant interaction for GA
(p=0.059). In stratified analyses for progression to GA and to neovascular AMD, the hazard
ratios associated with RPD presence, considered separately for severity levels 0-1, 2, 3, and
4, are shown in Table 2 and Figure 1. For each outcome, the increased risk associated with
RPD presence was less prominent at higher severity levels. This was particularly true for
neovascular AMD, for which no significantly increased risk was observed at levels 3 and 4.
The Kaplan-Meier curves of progression to GA and neovascular AMD, stratified according
to the two variables considered simultaneously, are shown in Figure 2.

Risk of progression to late age-related macular degeneration by the 9-step severity scale
and reticular pseudodrusen status, at the eye level, in the AREDS

The study population for these analyses comprised 6959 eyes of 3780 participants. Their
demographic and clinical characteristics are shown in Table 1. The number of eyes with
RPD present at baseline (by deep learning assessment of CFP) was 368 (5.3%). The number
of eyes that progressed to late AMD, during mean follow-up of 8.8 years, was 1183 (17.0%)
eyes of 911 participants.

For the outcome of progression to late AMD, a higher level on the severity scale (1-6 vs
7-8), considered in isolation from RPD status, was significantly associated with higher risk
of progression: hazard ratio 7.6 (6.6-8.6, p<0.0001). Similarly, RPD presence, considered
in isolation from the severity scale, was associated with a significantly higher risk of
progression: hazard ratio 4.3 (3.6-5.1, p<0.0001). However, with the severity scale and
RPD presence considered simultaneously, a statistically significant interaction was observed
between them: p<0.0001. Stratified analyses were therefore performed. For progression

to late AMD, the hazard ratios associated with RPD presence, considered separately for
severity scale levels 1-6 and 7-8, are shown in Table 3 and Figure 3. The hazard ratios
associated with a higher level on the severity scale, considered separately according to
RPD presence and absence, are shown in Supplementary Table 2. The Kaplan-Meier

curve of progression to late AMD, stratified according to the two variables considered
simultaneously, is shown in Figure 4. In all analyses, similar results were obtained when
considering RPD as a time-dependent variable.

Geographic atrophy and neovascular age-related macular degeneration

For both progression to GA and to neovascular AMD, a higher level on the 9-step severity
scale (1-6 vs 7-8), considered in isolation from RPD status, was significantly associated
with higher risk of progression: hazard ratio 9.6 (8.2-11.3, p<0.0001) for GA and 4.5
(3.8-5.4, p<0.0001) for neovascular AMD. Similarly, for both subtypes, RPD presence
(considered in isolation from the severity scale) was associated with significantly higher
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risks. The hazard ratio was particularly high for GA (4.6, 3.7-5.7, p<0.0001), compared

to neovascular AMD (2.8, 2.2-3.5, p<0.0001). With the severity scale and RPD presence
considered simultaneously, a highly significant interaction was observed for both GA and
neovascular AMD (each p<0.0001). In stratified analyses for progression to GA and to
neovascular AMD, the hazard ratios associated with RPD presence, considered separately
for severity scale levels 1-6 and 7-8, are shown in Table 3 and Figure 3. For each outcome,
the increased risk associated with RPD presence was less prominent at higher severity levels.
This was particularly true for neovascular AMD, for which no significantly increased risk
was observed at levels 7-8. The Kaplan-Meier curves of progression to GA and neovascular
AMD, stratified according to the two variables considered simultaneously, are shown in
Figure 4.

Risk of progression to late age-related macular degeneration by the modified simplified
severity scale and reticular pseudodrusen status, at the person level, in the AREDS2

The study population for these analyses comprised 1259 participants. Their demographic
and clinical characteristics are shown in Table 1. Owing to the AREDS?2 eligibility criteria,
baseline AMD severity was generally much higher than for the AREDS, with a narrower
spectrum (Table 1). The number of participants with RPD present at baseline (in either eye,
by reading center grading of FAF images) was 113 (9.0%). The number of participants that
progressed to late AMD in either eye, during mean follow-up of 4.8 years, was 371 (29.5%).

For the outcome of progression to late AMD, higher levels on the modified severity

scale, considered in isolation from RPD status, were significantly associated with higher
risks of progression. The hazard ratios were 2.2 (1.5-3.1, p<0.0001) and 4.1 (3.0-5.5,
p<0.0001) for severity levels 3 and 4, respectively (compared with a reference level of
0-2). Similarly, RPD presence, considered in isolation from the modified severity scale,
was associated with a significantly higher risk of progression: hazard ratio 1.54 (1.17-
2.02, p=0.002). With the severity scale and RPD presence considered simultaneously,

no statistically significant interaction was observed between them: p=0.19. In a model
considering both simultaneously, the hazard ratios associated with the severity scale
remained significant (2.16 (1.53-3.04, p<0.0001) and 4.00 (2.97-5.38, p<0.0001) for levels
3 and 4, respectively), while that associated with RPD presence was no longer significant
(1.18 (0.90-1.56, p=0.24)). Similar results were obtained when considering RPD as a time-
dependent variable.

Geographic atrophy and neovascular age-related macular degeneration

For both progression to GA and to neovascular AMD, higher levels on the modified severity
scale, considered in isolation from RPD status, were significantly associated with higher
risks of progression. RPD presence (considered in isolation from the modified severity
scale) was associated with significantly higher risk of progression to GA (2.05, 1.47-

2.86, p<0.0001) but not neovascular AMD (1.14, 0.76-1.71, p=0.53). With the severity
scale and RPD presence considered simultaneously, no statistically significant interaction
was observed between them for either GA (p=0.95) or neovascular AMD (p=0.37). In a
model considering both simultaneously, for progression to GA, the hazard ratios associated
with the severity scale remained significant, as did that associated with RPD presence
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(Supplementary Table 3). In a similar model for neovascular AMD, the hazard ratios
associated with the severity scale remained significant, while that for RPD presence
remained non-significant (Supplementary Table 3).

Risk of progression to late age-related macular degeneration by the 9-step severity scale
and reticular pseudodrusen status, at the eye level, in the AREDS2

The study population for these analyses comprised 3355 eyes of 2056 participants. Their
demographic and clinical characteristics are shown in Table 1. The number of eyes with
RPD present at baseline (by reading center grading of FAF images) was 384 (11.4%). The
number of eyes that progressed to late AMD, during mean follow-up of 4.8 years, was 1059
(31.6%) eyes of 876 participants.

For the outcome of progression to late AMD, higher levels on the severity scale (1-5/6/7/8),
considered in isolation from RPD status, were significantly associated with higher risk of
progression: hazard ratios were 1.76 (1.37-2.28, p<0.0001), 4.12 (3.29-5.16, p<0.0001), and
7.46 (5.86-9.50, p<0.0001) for levels 6, 7 and 8, respectively (compared with a reference
level of 1-5). Similarly, RPD presence, considered in isolation from the severity scale,

was associated with a significantly higher risk of progression: hazard ratio 2.21 (1.85-
2.64, p<0.0001). With the 9-step severity scale (1-5/6/7/8) and RPD presence considered
simultaneously, no statistically significant interaction was observed between them: p=0.22.
In a model considering both simultaneously, each remained significantly associated with
increased risk (Supplementary Table 4). In all analyses, similar results were obtained when
considering RPD as a time-dependent variable.

Geographic atrophy and neovascular age-related macular degeneration

For both progression to GA and to neovascular AMD, higher levels on the modified severity
scale, considered in isolation from RPD status, were significantly associated with higher
risks of progression. RPD presence (considered in isolation from the modified severity
scale) was associated with significantly higher risk of progression to GA (1.62 (1.29-2.04,
p<0.0001)) but not neovascular AMD (0.80 (0.62-1.04, p=0.091)). With the severity scale
and RPD presence considered simultaneously, a significant interaction was observed for GA
(p=0.023) but not for neovascular AMD (p=0.22). In stratified analyses for progression to
GA, the hazard ratios associated with RPD presence were 5.03 (1.43-17.73, p=0.012), 1.12
(0.43-2.95, p=0.82), 1.18 (0.87-1.59, p=0.29) and 0.73 (0.51-1.03, p=0.074) for severity
levels 1-5, 6, 7 and 8, respectively.

All analyses were repeated with the omission of age from the statistical models. The pattern
of results was very similar to those of the original analyses (data not shown), though the
hazard ratios associated with RPD presence were generally slightly higher throughout.

Discussion

Main results and implications

In this study, RPD presence was associated with significantly increased risk of progression
to late AMD, when considered in isolation from the other traditional macular risk features
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(i.e., soft drusen and pigmentary abnormalities). This was true in the AREDS2 study
population, when RPD presence was defined directly by reading center grading of FAF
images. It was also true in the AREDS study population, when RPD presence was assessed
from CFP by a deep learning algorithm that had been developed using multimodal multitask
training and label transfer (i.e., where the ground truth labels came from reading center
grading of accompanying FAF images).1?

The next important question is whether RPD presence confers additional risk of progression
to late AMD, i.e., above that already captured by the other macular risk features. The results
of this study demonstrate that RPD presence does indeed confer additional risk in most
situations. In the AREDS population, this was true in separate analyses both by person and
by eye. In the AREDS2 population, this was true in analyses by eye but not significantly

in those by person (likely owing to lower power and the limited and higher spectrum of
baseline severity); indeed, even in AREDS2 analyses by person, it was true for GA but

not for neovascular AMD. This indicates that RPD represent a third macular risk factor

for increased risk of progression to late AMD: one that is at least partially independent of
soft drusen and pigmentary abnormality status and that captures additional risk above that
already conferred by these two traditional macular risk features.

Next, it is important to know whether RPD presence is a completely independent risk factor,
with the increased risk it confers distributed evenly across the spectrum of non-advanced
AMD severity. This appears not to be the case. From analyses of rates of progression to late
AMD outcomes, based on a combination of RPD presence and the two traditional features
considered simultaneously, the increased risk was not distributed evenly. With milder AMD
severity, RPD presence conferred highly increased risk of progression to late AMD. This
was as high as a hazard ratio of 3.8, in the case of level 2 on the modified simplified

scale in the AREDS. By contrast, with more severe AMD, RPD presence was more mildly
associated with increased risk of progression. For example, for AREDS participants at level
4 on the modified simplified scale, the hazard ratio for RPD presence was more modest at
1.6. Indeed, the AREDS provided an ideal study population for this question, given the very
wide spectrum of AMD severity at baseline. The AREDS2 contained a narrower and higher
spectrum of AMD severity at baseline, with almost all participants at level 2 or greater on
the modified simplified scale. However, the results from the two cohorts appeared consistent
with each other, when comparing the AREDS? results with those from the higher severity
levels of AREDS (e.g., hazard ratio for RPD presence of 1.6 for AREDS eyes at 7-8 level
only, compared to 1.8 for all AREDS2 eyes in the current study).

Hence, RPD status appears to be a particularly important and strong risk factor for eyes or
individuals with low or moderate AMD severity, considered in the traditional way. However,
for those with relatively high disease severity, it confers less additional risk than that already
captured by soft drusen and pigmentary abnormality status; considered in this way, the risk
of progression appears to be approaching saturation. Of course, RPD presence may confer
important differences other than numerical risk of progression to late AMD. This appears to
be true for the relative risk of GA versus neovascular AMD. In addition, these may include
potential phenotypic differences in structure (e.g., choroidal thickness), function (e.g., dark
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adaptation), preferential progression by subtype (e.g., isolated outer retinal atrophy), and/or
subsequent behavior (e.g., GA enlargement rate).24-26

An important distinction exists between the relative risk and absolute risk associated with
RPD presence. The hazard ratios for RPD reported in this study relate to the relative risk,
but this should be considered in the context of the risk already conferred by soft drusen and
pigmentary abnormalities. The distinction is demonstrated well by the Kaplan-Meier curves.
In general, for individuals or eyes with low severity levels, the relative risk of RPD presence
is high. However, because the absolute risk at this severity level is low, this high relative
risk equates to only a small increase in the absolute risk of progression to late AMD. For
medium severity levels, the relative risk of RPD presence is also high. In this case, because
the absolute risk at this severity level is moderate, this equates to a very large increase in
the absolute risk. Finally, for high severity levels, the relative risk of RPD presence is lower.
Because the absolute risk at this severity level is high, this equates to a moderate increase

in absolute risk (that starts to approach 100% for 10-year progression rates in AREDS).
Hence, in estimating the absolute risk of progression to late AMD, ascertaining RPD status
is most important at medium severity levels and next most important at high severity levels.
In addition, these data may shed light on the behavior of eyes with the specific combination
of RPD presence but low burden of soft drusen or pigmentary abnormalities. Eyes with this
phenotype are currently under longitudinal investigation in the AMD Ryan Initiative Study
(NCT03092492). From the results of the current study, eyes like this appear to have low
risk of progression to GA or neovascular AMD, despite RPD presence; considered another
way, RPD presence may be able to explain progression to late AMD in some of the cases

in which it did occur. Indeed, applying a deep learning algorithm to the historical AREDS
dataset provided a rare opportunity to explore this question.

Regarding the secondary analyses that omitted age from the models, the higher hazard ratios
associated with RPD presence likely arose because, when age is omitted from the models,
some of the risk actually attributable to age is falsely attributed to RPD status (since both
risk of progression to late AMD and RPD prevalence are higher with older age?7:28).

The results of this study demonstrate that RPD status is important not only for assessing
risk of progression to late AMD but also for considering the differential risk of progression
to GA and neovascular AMD. In general, RPD presence was associated more strongly and
with larger increased risks for progression to GA than to neovascular AMD. In the AREDS,
the results were significant for both subtypes; in the AREDS2, which had lower power,
they were significant for GA only. In the AREDS, a similar pattern of higher hazard ratios
at lower severity levels and lower hazard ratios at higher severity levels was observed for
both GA and neovascular AMD, considered separately; for GA, the hazard ratios remained
significant at higher severity levels while, for neovascular AMD, they did not.

This situation differs from that for the other two macular risk features. The increased risk
associated with soft drusen or pigmentary abnormalities is considered to occur in parallel for
GA and neovascular AMD, such that neither is thought to increase the risk of one subtype
disproportionately versus the other subtype. According to data from the AREDS, the risk of
neovascular AMD always exceeds that of GA (as demonstrated in Figure 2).2° By contrast,
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the increased risk conferred by RPD presence is not distributed evenly between the two
subtypes. Hence, the ascertainment of RPD status should improve not only overall estimates
of progression risk but may greatly improve risk estimates for the two subtypes. In some
circumstances with RPD present, the risk of GA will exceed that of neovascular AMD.
These considerations may be particularly useful not only for risk calculators but also for

the recruitment and stratification of clinical trials where progression to GA is the outcome
of interest. In addition, the strong relationship between RPD and GA risk may provide
biological insights into the nature of GA.

Indeed, these results suggest that incorporating RPD status into AMD scales and risk
calculators is likely to lead to improved accuracy. However, it may be more appropriate

for some risk calculators than for others, according to the desired use case and setting.

For example, the AREDS Simple Scalel? has the advantage of simplicity, so may

remain relevant for approximate risk calculation in routine clinical practice, without the
incorporation of RPD status as a third feature. By contrast, more complex scales and
calculators like the AREDS 9-Step Scale® and Casey AMD calculator?? are typically used
for more granular or continuous risk prediction, when higher accuracy and/or separate
subtype predictions are required. Calculators like these may benefit more from incorporating
RPD status. Future studies could repeat the original methods used to derive the scales

(i.e., decision tree analysis and Cox proportional hazards analysis, respectively), with the
addition of RPD status as another feature. Importantly, RPD presence can be assessed from
OCT, which is considered highly sensitive and specific for detection?; this means that
more accurate risk prediction would be possible even in routine clinical practice, where
multimodal imaging is not always available. Indeed, Al algorithms are becoming available
to detect RPD with high accuracy from OCT scans.30

Comparison with literature

We are not aware of any previous studies of large prospective datasets that have analyzed
rates of progression to late AMD according to both RPD presence and traditional severity
scales. Some large population-based AMD studies such as the Beaver Dam Eye Study and
the Blue Mountains Eye Study were based on CFP, such that data on RPD status are not
available.31:32 Others have reported data on RPD presence but not as potential risk factors
for progression to late AMD.33-35

In previous analyses of the AREDS2, RPD presence was significantly associated with
increased risk of progression to late AMD.1® This was also true for GA, considered
separately, but not for neovascular AMD. The odds ratios over one year were 1.84 (1.47-
2.31), 2.42 (1.80-3.24), and 1.21 (0.87-1.70), respectively. However, as described above,
these analyses were performed irrespective of AMD severity related to other macular
features. Instead, the odds ratios were adjusted for the 9-step AMD severity level. Additional
differences include: (i) analysis of AREDS and AREDS?2 in the current study, as opposed

to AREDS2 only; (ii) use of time-to-event analysis with proportional hazards regression,

as opposed to logistic regression for outcomes at each consecutive annual visit; and (iii)
inclusion of a larger number of AREDS2 eyes/participants (specifically 3355 versus 1710
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eyes), by considering all study visits for most participants, as opposed to only those from
first FAF imaging.

Several cohort studies have analyzed potential associations between RPD and progression
to late AMD in the specific setting of fellow eye of patients with unilateral neovascular
AMD.3643 |n the Comparison of AMD Treatments Trials (CATT), RPD presence in the
fellow eye at baseline was associated with increased risk of late AMD in those fellow eyes
over two years, with a risk ratio of 2.09 (1.55-2.83).36 Following adjustment for a baseline
severity score similar to the AREDS simplified scale (i.e., no large drusen or pigmentary
abnormalities vs one vs both) and for dietary supplement use, RPD presence remained
significantly associated with increased risk. For GA and neovascular AMD, the adjusted risk
ratios were 2.05 (1.43-2.93) and 1.89 (1.13-2.17), respectively. In Kaplan-Meier analyses
stratified by baseline severity in a binary way (i.e., large drusen or pigmentary abnormalities
vs both), RPD presence was associated with higher risk of progression to late AMD in

both cases. The authors did not present more detailed analyses, but the Kaplan-Meier

plots are suggestive that RPD presence carried a higher level of risk at the lower level

of severity, which could be consistent with the results from the current study. However,
meaningful comparison with the results of the present study is very limited, since the
previous study relates to the specific setting where one eye already had late AMD, and
specifically neovascular AMD, such that the study population was not representative of the
full spectrum of AMD.

We are not aware of any AMD risk prediction algorithms derived from prospectively
obtained data that have included RPD presence alongside the other typical macular features
of soft drusen and pigmentary abnormalities. In one case, data from 138 patients with
AMD were reviewed and an OCT risk prediction algorithm proposed, which included

RPD presence alongside three other binary variables: intraretinal hyperreflective foci,
hyporeflective foci within a drusenoid lesion, and central drusen volume >0.03 mm3.44
However, the dataset was created by retrospective review of patients diagnosed with

AMD as part of clinical care at one medical center and the potential risk factors were
assessed against late AMD outcomes by Spearman’s rho correlation only. The retrospective
ascertainment of eligible patients (together with the requirement for one year of follow-up)
led to strong potential for bias and also meant that the large majority of patients had
unilateral neovascular AMD. The algorithm was subsequently applied to a cohort of 501
fellow eyes with early or intermediate AMD from patients with neovascular AMD enrolled
in the HARBOR study, which benefitted from prospective recruitment in a clinical trial
setting.*3 RPD presence had a hazard ratio of 1.95 (1.34-2.82) for progression to late
AMD over two years, when considered in a multivariable Cox proportional hazards model
alongside the three other binary OCT variables (together with age, sex, and smoking
status). For GA and neovascular AMD, the hazard ratios were 2.05 (1.26-3.32) and 1.90
(1.05-3.44), respectively. Again, as for the CATT study, this represented the limited setting
where one eye already had late AMD, specifically neovascular disease, such that the study
population was not representative of the full spectrum of AMD.

Importantly, in both studies344, the authors did not analyze whether the increased risk
associated with RPD presence was distributed evenly across the spectrum of non-advanced
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AMD severity. The estimate of increased risk is therefore an average across multiple AMD
severity levels (weighted towards the particular severity levels in the population under
study); such estimates are highly dependent on the characteristics of the particular study
population and therefore likely to vary between studies and be less reflective of a true
measure of the increased risk associated with RPD presence that would be meaningful and
widely generalizable irrespective of the study population. Finally, in both the CATT and
HARBOR studies3®43, RPD presence appeared to confer slightly higher risk of GA than
of neovascular AMD, which would be consistent with the results from the current study.
However, the differences appeared small and the confidence intervals wide; again, in both
cases, the scenario of pre-existing neovascular AMD in all fellow eyes is not representative
of the full spectrum of AMD, which makes these estimates less reliable.

Strengths and limitations

The strengths of this study include the use of two separate datasets, both with large size and
long follow-up, which provided a high event rate for progression to late AMD. The datasets
had the advantages of representing longitudinal multi-center studies with prospective
recruitment and follow-up; regular imaging and centralized reading center grading according
to standardized methods meant that all participants were well characterized for AMD
severity. The two datasets were complementary, since AREDS contained the full spectrum
of baseline AMD severity, while AREDS?2 was enriched for participants with more severe
disease at baseline. For each dataset, separate analyses were performed for both the 9-step
and the simple scale, and for both late AMD and its subtypes as individual outcomes.

RPD presence was considered at baseline and, in sensitivity analyses, as a time-dependent
variable. The study was limited by the absence of reading center grading of RPD presence

in AREDS, owing to the lack of FAF or other multimodal imaging at that time in history,
though this information was available in AREDS2. In the AREDS dataset, RPD grading was
therefore performed by deep learning-based grading of the fundus photographs. However,
the ground truth of the RPD algorithm’s training was from reading center grading of FAF
images (leading to high specificity of grading from CFP alone, in a previous study1?). Since
a study like AREDS (where several thousand participants with the full spectrum of baseline
AMD severity followed for many years), is unlikely to be repeated with the addition of
multimodal imaging, applying deep learning algorithms to the existing dataset may represent
the optimum opportunity to explore the association between macular features and risk of
disease progression. In the case of the AREDS analyses according to the modified simplified
severity scale, if RPD were visible and large on CFP at the baseline visit, in some cases,
these RPD may have contributed towards large drusen status being graded as positive instead
of negative. Hence, in a small minority of participants with RPD, the severity score might

be slightly inflated. For this reason, the hazard ratios associated with higher levels on the
simplified scale might be slightly overestimated, while those associated with RPD presence
might be slightly underestimated, though the differences are likely to be very modest. The
assessments of RPD risk therefore err on the conservative side, and this consideration should
not apply meaningfully to analyses by the 9-step scale or of the AREDS2.

The RPD prevalence rates reported in the current study may appear relatively low. For the
AREDS? analyses, this was expected through a combination of factors: cases with late

Ophthalmology. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agron et al.

Page 15

AMD at baseline were excluded, prevalence rates were reported at baseline, a minimum

area of 0.5 disc areas was required (in line with many other studies2’), and FAF was used

as the sole grading modality. OCT imaging is considered to have slightly higher sensitivity
and specificity than FAF, but most grading definitions require presence on both OCT and
FAF/NIR.27 Indeed, other studies have shown that very few eyes with intermediate AMD
have RPD present on OCT but not on FAF/NIR.27 For the AREDS analyses, the relatively
low RPD prevalence rate reported was also expected. This is partly for the same reasons, and
because RPD prevalence is lower at the less severe spectrum of AMD severity captured in
AREDS.2’ However, it might also be partly because the Al algorithm used may miss some
RPD cases, despite multimodal multitask deep learning training.1® With this technology,
increasing sensitivity is not possible without losing specificity, and no ground truth for RPD
status exists in AREDS, owing to the absence of multimodal imaging. The likely implication
of some false negative RPD cases in the AREDS analyses is that the hazard ratios associated
with RPD presence reported here may be underestimates.

This study considered RPD status at the image level in a binary way (i.e., present/absent),
since that is how RPD grading was performed and how the Al algorithm was trained.
Hence, we were unable to analyze potential associations according to RPD area or number
of lesions. While binary grading and analyses may be sufficient to capture potential risk
for most purposes, we aim to perform future studies that incorporate quantitative metrics of
RPD status.

Conclusions

RPD represent a third anatomical risk factor, in addition to soft drusen and pigmentary
abnormalities, for progression to late AMD. Importantly, RPD presence confers additional
risk above that already captured by the two traditional macular features. However, it is not
a totally independent risk factor, as its profile of additional risk is not distributed evenly
across the spectrum of non-advanced AMD severity. It confers highly increased relative risk
of late AMD at mild/moderate AMD severity levels and less highly increased risk at severe
levels. However, in terms of absolute risk, ascertaining RPD status is most discriminative at
medium severity levels, followed by high severity levels. Although RPD presence confers
increased risk of both subtypes of late disease, the increased risk is weighted strongly
towards GA; this differs markedly from the situation for the other two macular features. For
these reasons, RPD status must be considered in combination with the traditional features
for an accurate understanding of progression risk and subtype predictions. Ideally, RPD
status should be included in updated AMD classification systems and risk calculators, as
well as clinical trials.
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Abbreviations

AMD age-related macular degeneration

AREDS Age-Related Eye Disease Study

AUROC area under the receiver operating characteristic

BMI body mass index

CATT Comparison of AMD Treatments Trials

CFP color fundus photography

FAF fundus autofluorescence

GA geographic atrophy

HR hazard ratio

NIR near-infrared reflectance

NV neovascular AMD

OCT optical coherence tomography

RPD reticular pseudodrusen

SDD subretinal drusenoid deposit
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Forest plot of hazard ratios associated with reticular pseudodrusen presence for progression
to late age-related macular degeneration (and its subtypes) in the Age-Related Eye Disease
Study, at the person level, separately according to different levels on the modified Simplified
Severity Scale. The 95% confidence intervals and associated p-values are also shown.
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Figure 2.
Kaplan-Meier curves of progression to late age-related macular degeneration and its

subtypes, stratified according to reticular pseudodrusen presence and the modified
Simplified Severity Scale, considered simultaneously, in the Age-Related Eye Disease
Study, at the person level: (A) late age-related macular degeneration; (B) geographic
atrophy; (C) neovascular age-related macular degeneration.
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Forest plot of hazard ratios associated with reticular pseudodrusen presence for progression
to late age-related macular degeneration (and its subtypes) in the Age-Related Eye Disease
Study, at the eye level, separately according to different levels on the 9-step Severity Scale.

The 95% confidence intervals and associated p-values are also shown.
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Figure 4.
Kaplan-Meier curves of progression to late age-related macular degeneration and its

subtypes, stratified according to reticular pseudodrusen presence and the 9-step Severity
Scale, considered simultaneously, in the Age-Related Eye Disease Study, at the eye level:
(A) late age-related macular degeneration; (B) geographic atrophy; (C) neovascular age-
related macular degeneration.
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Participant and eye characteristics of the study populations at baseline.

Table 1.

Page 28

AREDS, by person

AREDS, by eye

AREDS2, by person

AREDS2, by eye

Participants/eyes

3182 participants

6959 eyes of 3780
participants

1259 participants

3355 eyes of 2056
participants

(SD)

Mean age (years), mean (SD) 69.0 (5.0) 69.4 (5.1) 71.0(7.9) 72.3(7.9)
Female 57.2% 56.3% 57.8% 55.4%
Race
White 94.9% 95.5% 95.0% 95.2%
Non-white 5.1% 4.5% 4.8% 4.7%
Smoking status
Never 47.5% 45.0% 48.7% 45.8%
Former 46.2% 47.4% 45.7% 48.2%
Current 6.3% 7.6% 5.6% 6.0%
Body mass index - -
<25 33.8% 33.0%
26-30 41.8% 41.6%
>30 24.4% 25.3%
RPD presence at baseline * 7.4%7" 5.3% 9.0%7 11.4%
AMD severity at baseline? 0: 43.7% 1:41.6% 0: 0.2% 1:0.7%
1:22.3% 2:14.6% 1:2.3% 2:1.4%
2:15.4% 3-4: 14.5% 2:23.1% 3-4:8.5%
3:10.3% 5-6: 13.3% 3:24.1% 5-6: 37.5%
4:8.4% 7-8:16.1% 4:50.3% 7-8:51.9%
Follow-up time (years), mean 9.0(2.9) 8.8(2.9) 4.8 (0.8) 4.8 (0.8)

*
by deep learning-based automated grading of color fundus photographs (AREDS) or by reading center grading of fundus autofluorescence images

(AREDS?)

ffor person-based analyses, defined as present if present in either eye

1raccording to modified Simplified Severity Scale (levels 0-4), by person, or 9-step Severity Scale (levels 1-9), by eye

Abbreviations: AMD=age-related macular degeneration; AREDS=Age-Related Eye Disease Study; RPD=reticular pseudodrusen; SD=standard

deviation
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Table 2.

Progression to late age-related macular degeneration and its subtypes in the Age-Related Eye Disease Study,
by person: hazard ratios associated with reticular pseudodrusen presence, separately according to different
levels on the modified Simplified Severity Scale.

Late AMD Geographic atrophy Neovascular AMD
Modified Hazard ratio associated P value | Hazard ratio associated P value | Hazard ratio associated P value
Simplified with RPD presence with RPD presence with RPD presence (95%
Severity Scale (95% ClI) (95% ClI) Cl)
level
0-1 3.23 (1.60-6.51) 0.001 3.47 (1.47-8.17) 0.004 2.96 (1.03-8.46) 0.043
2 3.81(2.38-6.10) <0.0001 | 4.97 (2.95-8.39) <0.0001 | 3.03(1.65-5.57) 0.0004
3 2.28 (1.59-3.27) <0.0001 | 3.08 (2.10-4.54) <0.0001 | 1.13(0.68-1.88) 0.64
4 1.64 (1.20-2.24) 0.002 1.91 (1.39-2.65) <0.0001 | 0.96 (0.62-1.51) 0.87

Abbreviations: AMD=age-related macular degeneration; Cl=confidence interval; RPD=reticular pseudodrusen
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Table 3.
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Progression to late age-related macular degeneration and its subtypes in the Age-Related Eye Disease Study,
by eye: hazard ratios associated with reticular pseudodrusen presence, separately according to different levels
on the 9-step Severity Scale.

Late AMD Geographic atrophy Neovascular AMD
9-step Severity Hazard ratio associated P value | Hazard ratio associated P value | Hazard ratio associated P value
Scale levels with RPD presence with RPD presence with RPD presence (95%

(95% ClI) (95% ClI) CI)
1-6 5.11 (3.93-6.66) <0.0001 | 5.90 (4.19-8.32) <0.0001 | 3.73(2.64-5.27) <0.0001
7-8 1.78 (1.43-2.22) <0.0001 | 1.86 (1.45-2.40) <0.0001 | 1.05(0.77-1.43) 0.76

Abbreviations: AMD=age-related macular degeneration; Cl=confidence interval; RPD=reticular pseudodrusen
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