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PURPOSE. The purpose of this study was to evaluate the utility of combining the Clinical
Classification (CC) and the Three Continent age-related macular degeneration (AMD)
Consortium Severity Scale (3CACSS) for classification of AMD.

METHODS. In two independent cross-sectional datasets of our population-based AugUR
study (Altersbezogene Untersuchungen zur Gesundheit der Universität Regensburg), we
graded AMD via color fundus images applying two established classification systems (CC
and 3CACSS). We calculated the genetic risk score (GRS) across 50 previously identified
variants for late AMD, its association via logistic regression, and area under the curve
(AUC) for each AMD stage.

RESULTS. We analyzed 2188 persons aged 70 to 95 years. When comparing the two clas-
sification systems, we found a distinct pattern: CC “age-related changes” and CC “early
AMD” distinguished individuals with 3CACSS “no AMD”; 3CACSS “mild/moderate/severe
early AMD” stages, and distinguished CC “intermediate AMD”. This suggested a 7-step
scale combining the 2 systems: (i) “no AMD”, (ii) “age-related changes”, (iii) “very early
AMD”, (i.e. CC “early”), (iv) “mild early AMD”, (v) “moderate early AMD”, (vi) “severe
early AMD”, and (vii) “late AMD”. GRS association and diagnostic accuracy increased
stepwise by increased AMD severity in the 7-step scale and by increased restriction of
controls (e.g. for CC “no AMD without age-related changes”: AUC = 55.1%, 95% confi-
dence interval [CI] = 51.6, 58.6, AUC = 62.3%, 95% CI = 59.1, 65.6, AUC = 63.8%, 95%
CI = 59.3, 68.3, AUC = 78.1%, 95% CI = 73.6, 82.5, AUC = 82.2%, 95% CI = 78.4, 86.0, and
AUC = 79.2%, 95% CI = 75.4, 83.0). A stepwise increase was also observed by increased
drusen size and area.

CONCLUSIONS. The utility of a 7-step scale is supported by our clinical and GRS data. This
harmonization and full data integration provides an immediate simplification over using
either CC or 3CACSS and helps to sharpen the control group.

Keywords: age-related macular degeneration (AMD), population-based study, genetic risk
score (GRS), drusen, classification systems, clinical classification (CC), three continent
AMD consortium severity scale (3CACSS)

L ate stage age-related macular degeneration (AMD) leads
to severe vision impairment with limited options of

therapeutic or preventive intervention.1 Distinguishing risk
factors for the development of early disease stages from
factors for progression to late AMD are pivotal to help tailor
the proper clinical strategies for patient management at each
of the various stages of disease progression.

Currently, the investigation of particularly early AMD
stages is hampered in epidemiological studies by different
ways to define “early AMD”.2–5 Whereas the definition of late
AMD as geographic atrophy (GA) and/or macular neovas-
cular (MNV) complications2–4 is reasonably homogeneous

between classification systems, the “early AMD” definitions
differ in how the systems combine AMD features like differ-
ently sized yellowish accumulations of extracellular mate-
rial (drusen) or abnormalities of the retinal pigment epithe-
lium (RPE; depigmentation or increased amount of pigment).
Two frequently applied classification systems in observa-
tional studies are, for example, the Clinical Classification
(CC)4 and the Three Continent AMD Consortium Severity
Scale (3CACSS).2 The CC differentiates (i) no AMD without
age-related changes, (ii) no AMD with age-related changes,
(iii) “early AMD”, and (iv) “intermediate AMD”. The 3CACSS
differentiates (i) no AMD, (ii) “mild early”, (iii) “moderate
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early”. and (iv) “severe early AMD” (Supplementary Table
S1). These differences render cross-study comparisons diffi-
cult and the terminology of “early” versus “intermediate”
AMD is often giving rise to confusion. Previous work has
explored the performance of several AMD classification
systems and showed that each system has its merits in differ-
ent settings.6 A unified system has often been recognized as
an important, but still unsolved challenge.2

We have previously observed a distinct pattern when
comparing CC and 3CACSS in the cross-sectional data of
the first part of our Altersbezogene Untersuchungen zur
Gesundheit der Universität Regensburg, AugUR1 baseline
survey (AugUR study), a population-based study in indi-
viduals aged ≥ 70 years3 (see Supplementary Table S1):
CC-based “age-related changes” and CC “early AMD” were
fully distinct from 3CACSS “early AMD”; they distinguished
stages within 3CACSS “no AMD”. Moreover, 3CACSS-based
“mild/moderate/severe early AMD” stages were distinct from
CC “early AMD”; they distinguished stages within the CC
“intermediate AMD”. The CC system thus appeared to ignore
relevant information when collapsing 3CACSS “early stages”
into CC “intermediate AMD” – given the 3CACSS “early”
stages have been shown to be associated with a step-wise
increasing risk for late AMD.6,7 The problem further extends
to the control group definition: the 3CACSS system ignores
information by collapsing CC “early AMD” and CC “age-
related changes” into the 3CACSS “no AMD” group – and
thus into the 3CACSS control group. Our previous data
showed that “analyzing early AMD individuals” or “exclud-
ing early AMD individuals” meant something very different
depending on the classification system.

To overcome the confusing terminology and the disre-
gard of relevant information, we now suggest that these 2
classification systems can be combined in a meaningful way
into a 7-step scale (see Supplementary Table S1): (i) CC “no
AMD without age-related changes”, (ii) CC “no AMD with
age-related changes”, (iii) CC “early AMD”, (iv) 3CACSS “mild
early”, (v) 3CACSS “moderate early”, and (vi) 3CACSS “severe
early”, and (vii) late AMD. In order to document the utility of
this 7-step scale, we here aimed (1) to provide a replication
for the previously observed distinct pattern when compar-
ing the CC and 3CACSS classifications and (2) to provide a
rationale of the stepwise gain in information with regard to
risk prediction of late AMD.

A typical approach to document a stepwise gain of
predicting the progression from early to late AMD is the
quantification of the predictive ability. This is challenging
as it requires large sample sizes with progression data on
individuals with early AMD. Although the stepwise gain to
predict late AMD has previously been shown for 3CACSS
“mild/moderate/severe early AMD”,6,7 the documentation of
at least some predictive ability of CC “early AMD” might
have failed due to limited power. By making full use of
the cross-sectional data and the strong genetic compo-
nent of late AMD,8 we additionally integrated the genetic
risk score (GRS) based on 50 previously identified genetic
variants for late AMD.8 We evaluated whether the GRS
showed a stepwise increased risk for each of the “early
AMD” stages and whether different control group defini-
tions sharpened these risk estimates. We thus (1) analyzed
independent cross-sectional data using the second part of
our AugUR study (AugUR2 baseline survey), to replicate
the distinct pattern previously observed in AugUR1, and (2)
computed the GRS association for case groups of increased
AMD severity and control groups with increased restric-

tions in the approximately 2200 individuals of AugUR1
and 2.

SUBJECTS AND METHODS

Study Population, Study Sample, and Data
Collection

AugUR is designed as a population-based cohort study with
the follow-up ongoing until 2025. Participants were recruited
from the mobile elderly population in/around Regensburg,
Germany, a study region of approximately 350,000 inhabi-
tants of mostly Caucasian ancestry. AugUR recruitment was
conducted in two independent baseline surveys (AugUR1,
2013-2015 and AugUR2, 2017-2019). Study recruitment and
study conduct was the same for both surveys. No partic-
ipants of AugUR1 were enrolled in AugUR2. Here, we
present cross-sectional results from combining both base-
line surveys.

Study recruitment and conduct were described previ-
ously.3,7,9,10 Briefly, inhabitants of the city and county of
Regensburg, Germany, with ≥ 70 years of age, were iden-
tified by local registries and invited by a mailed writ-
ten invitation letter to the study center at the University
Hospital Regensburg. Individuals invited to AugUR1 were
excluded from the invitation list for AugUR2. Individuals
were included as participants, if they were physically able
and willing to come to the study center, to provide informed
written consent and to participate in a 3-hour study program.

Details on data collection have been described else-
where.3,7,9,10 In brief, information on lifestyle factors,
metabolic parameters, and general and ocular comorbidi-
ties were gathered via a standardized face-to-face interview,
medical examinations by trained medical staff, and labora-
tory measurements from blood or urine.3,7,9,10

The AugUR study was approved by the Ethics Commit-
tee of the University of Regensburg, Germany (vote 12-101-
0258). The study complies with the Declaration of Helsinki
and its later amendments. All participants provided informed
written consent.

Assessment of AMD-Related Features on Color
Fundus Images and AMD Classification

Color fundus photography of the central retina and assess-
ment of AMD features were conducted as described previ-
ously3,7,10; procedures and graders were the same for both
surveys, AugUR1 and AugUR2. For each eye, the presence,
size (small, intermediate, and large) and area of drusen,
pigment abnormalities (hyperpigmentation or depigmenta-
tion), GA, including central or paracentral location, and/or
MNV were determined using gradable color fundus images.

This information on AMD features was then transferred
into the AMD stage per eye according to 2 established clas-
sification systems, the 3CACSS2 and CC4, as “no” (absence
of “early” or “late”), “early” (3CACSS = mild, moderate, or
severe early and CC = early or intermediate) or “late” AMD
(details described previously3; see Supplementary Table S1).
As defined by these two classification systems, only lesions
within 2 standard disc diameters (approximately 3000 μm)
of the center of the macula/fovea were considered; addi-
tionally, drusen outside this central area were documented
as peripheral drusen. Although not part of the two classifi-
cation systems, subretinal drusenoid deposits (SDDs) and
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non-AMD-related pigmentary abnormalities were also
assessed if present (see Supplementary Table S1).

Finally, the AMD status of a person was derived as the
AMD status of the eye with the more severe stage (“worse
eye”) when color fundus images of both eyes were gradable
for AMD. When images were gradable only for one eye, the
AMD status of the person was the AMD stage of this eye. We
analyzed individuals with at least one gradable eye.

Additionally, the AMD features per eye were also trans-
ferred into features per person by combining the AMD
features from both eyes. Participants with gradable color
fundus images from only one eye were excluded from this
analysis. Different combinations of AMD features per person
were defined as described as follows: (i) participants with
no AMD features for both eyes were used as controls; (ii)
single drusen types as small, peripheral drusen, or SDDs
only; (iii) combined drusen types for intermediate or large
drusen whereby intermediate drusen included presence of
small drusen, large drusen included small, and intermedi-
ate drusen, in addition large drusen were separated by size
based on the O2 circle; (iv) separated combinations of non-
AMD- and AMD-related pigment abnormalities with differ-
ent drusen types; and (v) late AMD separated in MNV and
GA, whereby GA was additionally separated in paracentral,
central, and central with preserved RPE-island (see Supple-
mentary Table S1).

Acquisition of Genetic Data

Whole blood ascertained at baseline visit and stored at
−20°C was used for isolation of genomic DNA by experi-
enced staff, as described previously.7,9 Precipitation meth-
ods (Gentra Puregene Blood Kit, Qiagen, Hilden, Germany;
and modified therefrom) were applied and DNA was stored
at −20°C in 10 mM Tris/1 mM EDTA buffer, pH 8.0.

Genotyping was conducted by the Genome Analysis
Center, Helmholtz Zentrum Munich, Germany, using the
Infinium Global Screening Array-24, GSAMD, version 1.0
(Illumina Inc., San Diego, CA, USA) for AugUR1, and by Life
& Brain GmbH, Bonn, Germany (InfiniumGlobal Screening
Array-24, GSA version 3.0, 10/2020) for AugUR2. The geno-
typed variant calling was conducted for 700,078 variants
using the “GSA-24v1-0_A1_ClusterFile.egt” and for 730,059
variants using the “GSAMD-24v3-0-EA_20034606_A1” clus-
ter files, respectively. The DNA samples were genotyped on
50 batches. No batch effect was observed. Variants with a
variant call rate < 95% and not in Hardy-Weinberg equi-
librium (HWE; P < 5 × 10−8) were excluded. After remov-
ing duplicated samples, we identified an individual’s genetic
ancestry by merging their genotypes with those from the
Human Genome Diversity Project (HGDP)11 and comput-
ing the first two principal components (PCs). We catego-
rized individuals as being of European, Asian, African, or
other genetic ancestry based on how they clustered with
the same genetic ethnicity in the HGDP data. We estimated
relatedness between individuals using the KING software,12

declaring individuals as “related” if they were second degree
related to at least one other individual in the study, and as
“unrelated” if they were not.

Imputation and Genetic Risk Score Calculation

Genotyping, imputation, and GRS-computation was done
separately for AugUR1 and AugUR2 restricted to unrelated
and European individuals (AugUR1: n = 1099 and AugUR2:

n = 1225; Supplementary Fig. S1). We generated genetic PCs
based on the genotyped variants and used the first 10 PCs
to capture population substructure in the genetic association
analyses.

Before imputation, we aligned genotyped variants to
match the TOP strand annotation of the 1000 Genomes
Phase III version 5 reference data and excluded variants
with allele frequency differences from the study and refer-
ence data. Imputation was conducted using the two-step
approach of imputation.13 We estimated study haplotypes
with ShapeIT14 and imputed untyped variants with mini-
mac3.15 The 47,109,465 imputed autosomal variants were
coded as the estimated number of copies of the specified
allele (allelic dosage).

Previously, 52 variants were identified by a genomewide
association study for late AMD using logistic regression
adjusted for PCs and evaluated also when adding age and
sex into the genetic association model.8 Of these 52 vari-
ants, 50 variants were available for analysis in AugUR1 and
AugUR2 (Supplementary Table S2). The GRS was generated
by multiplying each variant’s individual allele dosage by its
respective weight (i.e. effect sizes from Fritsche et al.8), and
then summing across all 50 variants. The GRS was then
scaled by dividing through the average weight: let k denote
the number of trait associated variants j in one individual i
with individual allele dosage (0 ≤ dosageij ≤ 2), and let bj

denote the weight of SNP j, then the GRSi for person i can
be written as follows:

GRSi =
∑k

j=1 dosagei jb j
1
k

∑k
j=i b j

By this, one GRS unit reflected one risk allele of average
effect.

Data Management and Statistical Analyses

Askimed (http://www.askimed.com/) and SAS 9.4 software
(SAS Institute Inc., Cary, NC, USA) were used for data
management. The GRS was computed using R version 4.2.2.
Descriptive statistics and association analyses were carried
out using IBM SPSS Statistics for Windows, version 29.0 (IBM
Corp., Armonk, NY, USA). Figures were generated using R
extended by ggplot 2.16

The analyzed sample yielded all AugUR participants with
available genetic information and available AMD status in
at least one eye. We here analyzed the AugUR data cross-
sectionally using the genetic information and AMD status
from the AugUR1 and the AugUR2 baseline surveys. For the
replication of the previously observed pattern when compar-
ing CC versus 3CACCSS classification, we restricted this to
AugUR2.

For descriptive statistics, mean ± standard deviation was
provided for continuous normally distributed variables and
% (n) for dichotomous variables, unless stated otherwise.

In order to derive the association of the GRS with AMD
of various stages or AMD features, we performed logis-
tic regression in this cross-sectional data with the GRS as
independent variable and AMD stages or AMD features as
the dependent variable (primary analysis). As covariates,
we included the first 10 PCs to account for genetic popu-
lation substructure and a study variable for the AugUR
survey membership to account for the design (AugUR2
versus AugUR1); the inclusion of these covariates had
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little, if any, impact and were only added for methodolog-
ical reasons. In the primary model, we derived the GRS-
association with AMD adjusted for age and sex, which
is typical for genetic association analyses, “AMD ∼ age,
sex, GRS, 10 PCs, and survey membership” (“full model”,
model 1).

We did not include further AMD risk factors like smoking
or obesity into this model, because we were not interested
in the GRS association on AMD independent of smoking or
obesity, but in the general prediction of the GRS for AMD.
We also applied a model without adjusting for age and sex,
“AMD ∼ GRS, 10 PCs, and survey membership” (model 2),
and compared the GRS effect estimates from model 2 with
those from model 1.

In the next step, we wanted to quantify the discrimina-
tory ability of the GRS together with age and sex, of the GRS
alone, and we also wanted to compare this with age and sex
alone. We thus calculated the area under the receiver operat-
ing characteristics curve (AUC) using predicted probabilities
from the logistic regression analyses for the respective AMD
stage or AMD-related feature using (i) model 1, (ii) model 2,
and (iii) a third model only including age and sex (“AMD ∼
age, sex, and survey membership”, model 3).

RESULTS

Participant Characteristics and Distribution of
AMD Stages

Among the 2449 AugUR participants (AugUR1: n= 1133 and
AugUR2: n = 1316; and no overlap between the 2 datasets),
information on AMD stages for at least one eye, as well
as genetic data were available for 2188 persons (AugUR1:

n = 1010 and AugUR2: n = 1178). In this analyzed sample,
age ranged from 70 to 95 years (mean age = 78.3 ± 5.0),
52% were women; and 167 individuals (7.6%) had late AMD
(Table 1). As reported previously,3 the frequencies of “no
AMD” and “early AMD” stages differed substantially between
classification systems (CC = 48.7% and 43.7% versus 3CACSS
= 72.1% and 20.3%, respectively; see Table 1).

AugUR2 Data Replicates the Previously Observed
Pattern When Comparing 3CACSS- and CC-Based
Classification

When adding the 1178 AugUR2 participants to the compar-
ison of the individuals’ classification via CC versus 3CACSS,
we confirmed the pattern previously observed in 1010
AugUR1 participants (Table 2; showing the two datasets
separately in Supplementary Table S3). This supported the
notion that CC “age-related changes” and CC “early AMD”
were distinct from 3CACSS “early AMD” stages.

Of note, there had been few (n = 2) individuals in
AugUR1 with AMD-related pigmentary abnormalities but
without any drusen, which is “intermediate AMD” by CC
and “no AMD” by 3CACSS. We re-evaluated the color fundus
images of these two individuals for misclassification, but
confirmed the initial grading. We considered these as “age-
related changes” in a 7-step system.

This 7-step system enabled us (i) to differentiate the 446
individuals with CC-based “intermediate AMD” by 3CACSS
“mild”, “moderate”, or “severe early” AMD stages, and (ii)
to differentiate the 1575 individuals with 3CACSS-based “no
AMD” into individuals without any AMD (no CC-based nor
3CACSS-based AMD) nor age-related changes, or individuals

TABLE 1. Participant Characteristics of Analyzed Study Sample

All (n = 2188) Women (n = 1140) Men (n = 1048)

Age, years, mean ± SD (min. – max.) 78.3 ± 5.0 (70–95) 78.4 ± 5.0 78.1 ± 5.1
GRS*, mean ± SD (min. – max.) 44.5 ± 3.8 (33.3 –56.0) 44.5 ± 3.8 44.5 ± 3.8
Clinical Classification (CC)
No AMD stages overall, % (n) 48.7 (1065) 43.2 (493) 54.6 (572)
No AMD, no age-related changes, % (n) 28.8 (631) 26.4 (301) 31.5 (330)
No AMD, age-related changes, % (n) 19.8 (434) 16.8 (192) 23.1 (242)
Early AMD stages overall, % (n) 43.7 (956) 48.9 (557) 38.1 (399)
Early AMD, % (n) 23.3 (510) 27.0 (308) 19.3 (202)
Intermediate AMD, % (n) 20.4 (446) 21.8 (249) 18.8 (197)

Three Continent AMD Consortium Severity Scale (3CACSS)
No AMD, % (n) 72.1 (1577) 70.4 (803) 73.9 (774)
Early AMD stages overall, % (n) 20.3 (444) 21.7 (247) 18.8 (197)
Mild early AMD, % (n) 9.3 (203) 9.3 (106) 9.3 (97)
Moderate early AMD, % (n) 5.4 (119) 6.8 (78) 3.9 (41)
Severe early AMD, % (n) 5.6 (122) 5.5 (63) 5.6 (59)

Late AMD†

Late AMD overall, % (n) 7.6 (167) 4.1 (90) 3.5 (77)
MNV, % (n) 4.3 (95) 4.5 (51) 4.2 (44)
GA, % (n) 1.6 (35) 1.8 (20) 1.4 (15)
MNV and GA, % (n) 1.7 (37) 1.7 (19) 1.7 (18)

The analyzed sample consisted of 2188 participants with gradable color fundus images for at least one eye and available genetic data for
AugUR1 and 2 individuals. Shown are participants characteristics overall and by sex, including the proportion (and number) of individuals
that have no AMD or early AMD stages based on the Three Continent AMD Consortium Severity Scale (3CACSS)2 or the Clinical Classification
(CC)4 or any late AMD stages.

* Weighted GRS based on 50 variants known for late AMD,8 with one unit being the average effect of included variants.
† Late AMD definition is similar between the 3CACSS2 and the CC.4

SD = standard deviation; GRS = genetic risk score; AMD = age-related macular degeneration; MNV = macular neovascularization;
GA = geographic atrophy.
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TABLE 2. A Distinct Pattern When Comparing the Two Established AMD Classification Systems Using AugUR Study Participant Data

Three Continent AMD Consortium Severity Scale

No
AMD

Mild
Early AMD

Moderate
Early AMD

Severe
Early AMD

Late
AMD Total, n (%)

Clinical Classification No AMD, no age-related
changes

631 0 0 0 0 631 (28.8)

No AMD, age-related changes 434 0 0 0 0 434 (19.8)
Early AMD 510 0 0 0 0 510 (23.3)
Intermediate AMD 2 203 119 122 0 446 (20.4)
Late AMD 0 0 0 0 167 167 (7.6)
Total, n (%) 1577 (72.1) 203 (9.3) 119 (5.4) 122 (5.6) 167 (7.6) 2188 (100)

We analyzed all AugUR participants with gradable color fundus images for at least one eye and available genetic data for AugUR1 and
2 individuals (n = 2188). Shown are the numbers of participants by AMD status for the Three Continent AMD Consortium Severity Scale2

and the Clinical Classification.4 The percentages in the “total” rows and columns highlight the distribution of AMD severity groups. The
same pattern as observed previously for AugUR1 participants (as published in Brandl et al., Sci Rep., 20183) was observed when adding the
second independent dataset of AugUR2 (see Supplementary Table S3).

AMD = age-related macular degeneration.

with age-related changes, or individuals with CC-based
“early AMD”.

Distribution of the GRS in the Population-Based
Sample Separately For Late AMD Cases and
CC-Based Controls

Of the 52 variants previously identified for late AMD from a
large case-control sample,8 50 variants were available in the
population-based AugUR study (2 variants were not geno-
typed nor imputed). We derived the 50-variant GRS for each
individual (AugUR1 and 2; n = 2188) and compared the
GRS distribution between late AMD individuals (embedded
cases) with the AMD-free participants (no AMD, no age-
related changes as defined by CC). We observed a clear shift
in the distributions toward an increased number of risk alle-
les in individuals with late AMD and a significant association
compared to AMD-free individuals (odds ratio [OR] = 1.41,
P value < 0.0001; Supplementary Fig. S2). The mean values
of the GRS increased by AMD stages for both classification
systems (Supplementary Table S4).

GRS Association Supports the 7-Step AMD
Classification Scale Combining CC and 3CACSS

We computed the GRS association for case groups of
increased AMD severity (steps ii to vi of the 7-step scale)
and control groups with increased restrictions (only step i or
adding step ii or even step iii in AugUR1 and 2, n = 2188).
First, we derived the GRS association independent of age
and sex using logistic regression with age, sex, GRS, 10 PCs,
and survey membership as covariates (model 1) and each of
the different case and control group definitions as outcome
(cases: age-related changes, n = 434; CC early, n = 510;
3CACSS mild, n = 203; 3CACSS moderate, n = 119; 3CACSS
severe, n = 122; controls: CC “no AMD and no age-related
changes”, n = 631; CC “no AMD but age-related changes”,
n = 1065; 3CACSS “no AMD”, n = 1577).

When looking at the ORs for the GRS on 3CACSS AMD
stages as case groups and 3CACSS “no AMD” as the control
group, we observed a stepwise increase in the ORs by using
higher stages of 3CACSS “early AMD” (OR = 1.08, 95% confi-
dence interval [CI] = 1.04, 1.13, OR = 1.29, 95% CI = 1.22,
1.37, or OR = 1.38, 95% CI = 1.29, 1.47 for mild, moderate,
or severe early AMD, respectively; Fig. 1A; Supplementary

Table S5A). Accordingly, the GRS association with CC “inter-
mediate AMD” as the case group captured an average OR
across the three above noted ORs (OR = 1.20, 95% CI =
1.16, 1.24; see Fig. 1A).

When computing the GRS association with CC “early
AMD” or even with CC “age-related changes” as the case
group (using CC “no AMD without age-related changes” as
controls), ORs for CC “early AMD” or for 3CACSS “mild early
AMD” were similar (OR = 1.14, 95% CI = 1.10, 1.18 or OR
= 1.14, 95% CI = 1.09, 1.20, respectively). Interestingly, we
found a small but still statistically significantly increased OR
for age-related changes as the case group (OR = 1.05, 95% CI
= 1.01, 1.09). Thus, the GRS association supports the step-
wise increased association by severity of the case groups
including age-related changes, except for a plateau between
CC “early AMD” and 3CACSS “mild early AMD”.

Remarkably, consistently for each case group, the GRS
associations increased by increased restriction of controls:
the ORs increased when restricting the control group from
3CACSS “no AMD” to CC “no AMD including age-related
changes” and CC “no AMD without age-related changes”
(see Fig. 1A; Supplementary Table S5A). Although we found
little differences in the ORs upon exclusion or inclusion
of the CC-age-related changes in the control group, the
ORs were always the same or higher when excluding age-
related changes. Together with the significant OR of 1.05
for age-related changes as case group, the GRS associations
supported the restriction of the control group to CC-based
“no AMD without age-related changes”.

When comparing the ORs for the GRS associations on
early AMD stages independent of age and sex (i.e. adjusted
for age and sex, model 1) with the GRS associations unad-
justed for age sex (i.e. model 2), we found little differences
(see Supplementary Table S5A).

Diagnostic Accuracy of the GRS Increases by
Increased Early AMD Stages

We further computed the AUC and evaluated the ability of
the GRS to discriminate each AMD stage versus “no AMD”
with increased severity of cases and increased restrictions
of controls. For this, we used logistic regression in the
same case and control groups described above. However,
we focused now on GRS association without adjustment
for age and sex (i.e. model 2), because we were primarily
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FIGURE 1. Association and diagnostic accuracy of the GRS on various AMD stages based on two established systems. We evaluated
the 50-variant GRS for association with each AMD stage separately as outcome in all AugUR individuals with at least one eye gradable
and genetic data available (n = 2188). Cases were defined as individuals in the respective AMD stage according to the 3CACSS2 and the
CC4 systems (indicated vertically); color coding indicated the different control definitions (as applicable given the case group). We applied
two logistic regression models “AMD ∼ GRS, age, sex, 10PCs, and survey membership” (model 1) and “AMD ∼ GRS, 10 PCs, and survey
membership” (model 2). (A) Shown are odds ratios (ORs) and 95% confidence intervals (CIs) of the GRS association with stages of AMD
using model 1. ORs were nearly the same when using model 2 (see Supplementary Table S5A). (B) Diagnostic accuracy of the GRS on the
for the various AMD stages is shown as area under the curve (AUC) and 95% CI based on predicted probabilities derived from model 2 (see
the details in Supplementary Table S5B). Intermediate AMD is displayed in grey due to the overlap with 3CACSS early AMD stages.

TABLE 3. AMD-Related Features in the AugUR Study Participants Overall and by Sex

Early AMD Features
All

(n = 1966)
Women

(n = 1037)
Men

(n = 929)

Drusen
Peripheral drusen only, % (n) 3.7 (73) 5.2 (54) 2.0 (19)
Small drusen only, % (n) 13.3 (261) 10.1 (105) 16.8 (156)
Intermediate drusen excluding peripheral drusen, % (n) 11.8 (232) 10.5 (109) 13.2 (123)
Intermediate drusen including peripheral drusen 18.7 (367) 20.8 (216) 16.3 (151)
Large drusen excluding peripheral drusen, % (n) 3.9 (76) 3.5 (36) 4.3 (40)
Large drusen including peripheral drusen, % (n) 8.0 (158) 9.5 (98) 6.5 (60)

Large drusen < O2 circle*, % (n) 4.6 (90) 5.0 (52) 4.1 (38)
Large drusen ≥ O2 circle*, % (n) 3.5 (68) 4.4 (46) 2.4 (22)

Subretinal drusenoid deposits only, % (n) 0.9 (19) 1.2 (12) 0.6 (7)
Pigment abnormalities

Non-AMD related pigment abnormalities only, % (n) 4.6 (91) 3.2 (33) 6.2 (58)
Non-AMD related pigment abnormalities including small drusen, % (n) 7.0 (137) 4.6 (48) 9.6 (89)
AMD related pigment abnormalities including small and intermediate drusen, % (n) 1.9 (37) 1.5 (16) 2.3 (21)
AMD related pigment abnormalities including large drusen, excluding reticular drusen, % (n) 6.9 (135) 5.4 (56) 8.5 (79)
AMD related pigment abnormalities including large drusen, excluding peripheral drusen only, % (n) 11.6 (229) 11.5 (119) 11.8 (110)

Late AMD features
MNV, % (n) 4.0 (79) 3.9 (40) 4.2 (39)
GA, % (n) 1.5 (29) 1.7 (18) 1.2(11)

Paracentral GA, % (n) 0.5 (10) 0.5 (5) 0.5 (5)
Central GA with preserved island, % (n) 0.15 (3) 0.3 (3) 0 (0)
Central GA, % (n) 0.7 (13) 0.8 (8) 0.5 (5)

We evaluated each AMD-related feature detectable on color fundus images which are part of the Clinical Classification or Three Continent
AMD Consortium Severity Scale, plus peripheral drusen, subretinal drusenoid deposits, and non-AMD related pigment abnormalities. For
this, we restricted the sample to the number of 1966 of AugUR participants with both eyes gradable. Shown is the proportion (number) of
individuals with each feature overall and by sex.

* O2 circle is defined as a circle with diameter of 650 μm; drusen area equivalent to O2 circle accounts to 331.820 μm2.
AMD = age-related macular degeneration; MNV = macular neovascularization; GA = geographic atrophy.
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FIGURE 2. Association and diagnostic accuracy of GRS on AMD-related features. We evaluated the 50-variant GRS association with
each AMD features separately as outcome restricting the analysis to AugUR individuals where both eyes were gradable (overall n = 1966).
Cases were defined as individuals with the respective feature in at least one eye and controls were fully free of any feature (number of
controls = 354): We applied two logistic regression models “AMD-feature ∼ GRS, age, sex, 10 PCs, and survey membership” (model 1) and
“AMD-feature ∼ GRS, 10 PCs, and survey membership” (model 2). (A) Shown are odds ratios (ORs) and 95% confidence intervals (CIs) of the
GRS association with AMD-related features using model 1. ORs were nearly the same when using model 2 (see Supplementary Table S6A).
(B) Diagnostic accuracy of the GRS for the various AMD stages is shown as area under the curve (AUC) and 95% CI based on predicted
probabilities derived from model 2 (see the details in Supplementary Table S6B). Color code was used to differentiate into groups of related
features. AUC for peripheral drusen indicates not applicable (NA), because the GRS association estimate for peripheral drusen as outcome
was negative and the AUC <0.5.

interested in the discriminatory ability of the GRS alone. We
found a stepwise increase of the AUC when using 3CACSS
mild, moderate, severe early, or late AMD as case groups
and 3CACSS “no AMD” as controls (AUC = 58.3%, 95%
CI = 54.0, 62.6, AUC = 73.2%, 95% CI = 68.7, 77.6, AUC
= 77.9%, 95% CI = 74.0, 81.9, and AUC = 75.2%, 95%
CI = 71.4, 79.1, respectively; see Fig. 1B; Supplementary
Table S5B).

These AUCs increased, for each of the case groups, the
more we restricted the control group (Fig. 1B; see Supple-
mentary Table S5B). This resulted in a stepwise increase of
the AUCs for each case group in the 7-step scale (CC “age-
related chances”, CC “early”, 3CACSS “mild early”, 3CACSS
“moderate early”, and 3CACSS “severe early”, late AMD)
using CC “no AMD without age-related changes” as controls:
AUC = 55.1%, 95% CI = 51.6, 58.6, AUC = 62.3%, 95% CI =
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59.1, 65.6, AUC = 63.8%, 95% CI = 59.3, 68.3, AUC = 78.1%,
95% CI = 73.6, 82.5, AUC = 82.2%, 95% CI = 78.4, 86.0, and
AUC = 79.2%, 95% CI = 75.4, 83.0, respectively.

We observed a similar stepwise increasing pattern of the
AUCs when including age and sex into the model (model
1; see Supplementary Table S5B), which we visualized also
together with the AUC for age and sex alone (model 3;
Supplementary Fig. S3).

Association of GRS With Separate AMD-Related
Features

The AMD classification systems are based on combinations
of AMD features detected on color fundus images. In order
to understand the above noted findings on a more granular
level, we evaluated each of these AMD features and combi-
nations restricting the analyzed sample to individuals with
both eyes gradable for AMD (n = 1966). Additionally, we
investigated peripheral drusen, SDDs, and non-AMD-related
pigmentary abnormalities, which are not part of the two
established classification systems. The most frequent AMD-
related features were small drusen, intermediate drusen, or
large drusen (approximately 70% of individuals have at least
one of these; Table 3).

We derived the GRS association with each of these
features as outcome by defining individuals with the respec-
tive feature as cases and individuals without any detectable
feature as controls (number of controls = 354). For this, we
used logistic regression with GRS, age, sex, 10 PCs, and study
membership as covariates (model 1). The GRS showed no
significant association with peripheral drusen (OR = 0.92,
95% CI = 0.85, 1.006; Fig. 2A, Supplementary Table S6A),
but increased association by increased drusen size (OR =
1.06, 95% CI = 1.01, 1.12, OR = 1.13, 95% CI = 1.07, 1.19,
or OR = 1.27, 95% CI = 1.17, 1.38 for small, intermediate, or
large drusen, respectively). Significant associations were also
observed for drusen area with a higher OR for large drusen
area compared to smaller drusen area (OR = 1.51, 95% CI
= 1.35, 1.69 or OR = 1.09, 95% CI = 1.01, 1.17 for drusen
≥ O2 circle or < O2 circle, respectively). SDDs also showed
high GRS association (OR = 1.40, 95% CI = 1.18, 1.66). The
strongest GRS association was shown with central GA (OR
= 1.57, 95% CI = 1.21, 2.04). The ORs for the GRS with
AMD features were similar without adjustment for age and
sex (model 2; see Supplementary Table S6A).

We computed the diagnostic ability of the GRS for each
feature as AUC based on the logistic regression model with-
out age and sex adjustment (model 2). Differentiating the
drusen area of large drusen yielded a higher diagnostic accu-
racy of the GRS for drusen ≥ O2 circle (AUC = 82.9%, 95%
CI = 71.0, 87.7%) compared to drusen < O2 (AUC = 63.3%,
95% CI = 56.2, 70.3; see Fig. 2B, Supplementary Table S6B).
SDDs again also showed high values for AUC (77.1%, 95%
CI = 66.7, 87.5). We found the highest diagnostic accuracy
for central GA (AUC = 86.6%, 95% CI = 77.0, 95.4%).

For each AMD feature, the AUC of the GRS alone was
higher than the AUC of age and sex (except for “peripheral
drusen only”), but lower than the AUC of the GRS together
with age and sex (Supplementary Fig. S4).

DISCUSSION

In our analysis, we used the genetics of late AMD to support
the utility of a 7-step AMD severity scale, which merged

the CC and 3CACSS classification systems. We demonstrate
a refinement on both ends of the scale when these two
systems are combined: a refinement of “early AMD” and a
refinement of the control group.

Our cross-sectional data of approximately 1200 individu-
als aged 70 to 95 years from our population-based AugUR2
study and the comparison of their CC versus 3CACSS-
based AMD classification confirmed the distinct pattern
previously observed in the AugUR1 data of 1010 non-
overlapping individuals.3 Specifically, the 3CACSS-based
“mild/moderate/severe early AMD” differentiated the CC-
based “intermediate AMD”, due to 3CACSS additionally
measuring and differentiating drusen area (see Supplemen-
tary Table S1). In addition, the 3CACSS-based “no AMD” is
differentiated by the CC “age-related changes” and CC “early
AMD”, because intermediate drusen (>63 μm and ≤125 μm
diameter) without any AMD-related pigmentary abnormal-
ities are recorded as “early AMD” in CC but as “no AMD”
in 3CACSS (see Supplementary Table S1). Our results thus
support our idea of a 7-step scale that we propose to term: (i)
“no AMD”, (ii) “age-related changes”, (iii) “very early AMD”,
(iv) “mild early AMD”, (v) “moderate early AMD”, (vi) “severe
early AMD”, and (vii) “late AMD” (see Supplementary Table
S1). This system has the immediate benefit of combining
the information of two established systems and by provid-
ing an unambiguous naming scheme for early stages of AMD
pathology. The value of this merged system was emphasized
by GRS association analyses which demonstrated a stepwise
increased discriminatory ability when using the early AMD
steps ii to vi as case groups and when excluding the steps
ii and iii from the control group. This supports the utility of
the 7-step scale.

The utility of this newly proposed 7-step AMD severity
scale is also defined by the convertibility of already applied
AMD classification approaches into this new system – prefer-
ably without regrading the entire study sample. Epidemi-
ological studies on AMD which use the CC would have
to regrade only individuals/eyes with “intermediate AMD”
to subdivide them into “mild/moderate/early AMD”: they
would have to measure drusen area < or ≥ O2 circle.17 Stud-
ies applying the Rotterdam Classification would also have to
measure drusen area < or ≥ O2 circle in participants/eyes
with “soft indistinct drusen ≥125 μm”.18 Studies applying the
Age-related Eye Disease Study (AREDS) simplified severity
scale would have to assess small and intermediate drusen
(if not already done in the grading process anyway) and
would also have to measure drusen area < or ≥ O2 circle in
participants with “large drusen”.5 The AREDS 9-step severity
scale and the Wisconsin Age-related Maculopathy Grading
System, however, assess all required features in more details
as needed for the 7-step scale and can be converted by an
algorithm without regrading.19,20

It is compelling to use genetic risk variants to qual-
ity control a clinical AMD classification system given the
strong genetic risk of late AMD.8 Our previous work has
used genetic risk to quality control machine learning based
automated AMD classification.21 We here extend this idea to
evaluate the utility of our proposed 7-step scale. This has
the limitation that AMD pathways beyond age, sex, and the
genetics captured by the known 50 risk variants are disre-
garded here. However, the genetic risk variants have been
identified by a large genomewide association study with
>17,000 late AMD cases and respective controls.8 Further-
more, the predictive ability of the 50-variant GRS, age, and
sex reached 84% for late AMD versus the most restricted
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control group, which documented the substantial discrimi-
natory ability.

The “classic” way to establish and quality control a clas-
sification system for early disease stages is to document
the performance to predict late AMD in a stepwise fash-
ion using individuals with early AMD and longitudinal data
on progression. However, such longitudinal data are scarce
and have not yet sufficiently answered the search for the
“best” classification system.6 Using a GRS for late AMD
and investigating its association and diagnostic accuracy
for early AMD stages is a compelling alternative. It allows
for using the larger abundance of cross-sectional data –
because genetics do not change over time or by disease
status. To our knowledge, our study represents the first
approach to utilize the large genetic heritability of AMD to
help evaluate AMD classification systems. We do acknowl-
edge the limitation that genetics is not the perfect compara-
tor and that validation via longitudinal analyses is still
warranted.

In clinical routine, AMD features are typically diagnosed
via funduscopy and multimodal imaging – and they are inter-
preted individually without computing them into classifica-
tion systems.22,23 Therefore, we also investigated the single
AMD-related features separately and found increased GRS
association and diagnostic accuracy by increased drusen size
and area. Large drusen with a large drusen area, SDDs, and
central GA showed the highest GRS association and diagnos-
tic accuracy. Particularly for SDDs, this is also in line with
literature substantiating the risk of SDDs for AMD progres-
sion.24 Interestingly, it seems that peripheral drusen do not
share the genetics of late AMD.

One has to keep in mind that, in our analyses, AMD-
phenotyping and classification are based on color fundus
imaging, as this is still the current gold standard of AMD
definition in epidemiological studies.6 However, particularly
SDDs are known to be better visualized with other retinal
imaging modalities.24 Of note, there is no established AMD
classification system based on multimodal imaging to date,
including, for example, optical coherence tomography. The
European Eye Epidemiology Consortium has started a first
approach25; further studies as to how multimodal imaging
can improve AMD classification are warranted – including
predictive ability analyses with progression data. Joint inter-
national efforts of epidemiological studies to find a consen-
sus on a robust, unified system of AMD grading are crucially
important to distinguish particularly the early stages of AMD
and differentiate them from normal aging. The AugUR study,
with its follow-up recruitment being completed in 2025, will
be able to contribute to these efforts in the near future. Due
to the high age of our study participants, we will be able
to observe high numbers of different early AMD stages and
features.

In summary, we demonstrate that combining the CC and
3CACSS to a 7-step AMD classification system is helpful
in future large scale epidemiological studies on clarifying
AMD causation. We used genetics from a population-based
study of elderly individuals to evaluate its performance. The
association as well as the diagnostic accuracy of the GRS
stepwise increased by severity of AMD disease stage and
was more significant when using a more restrictive defini-
tion of “no AMD”. The combined 7-step scale provides an
immediate improvement over using either CC or 3CACSS by
using the full information and by sharpening the control
group. It is also an immediate solution to the currently
confusing terminology regarding “early AMD”. Studies with

existing AMD classification only need to apply a convert-
ing algorithm or regrade specific features in a subgroup, for
which we provide a practical guide. We thus suggest the
proposed 7-step scale as a consensus for AMD classification
and recommend implementing it in epidemiological studies.
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