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ABSTRACT

Objective To estimate age-related macular degeneration
(AMD) incidence/progression across a wide age range.
Methods and analysis AMD at baseline and follow-up
(colour fundus imaging, Three Continent AMD Consortium
Severity Scale, 3CACSS, clinical classification, CC) was
assessed for 1513 individuals aged 35-95 years at
baseline from three jointly designed population-based
cohorts in Germany: Kooperative Gesundheitsforschung

in der Region Augsburg (KORA-Fit, KORA-FF4) and
Altersbezogene Untersuchungen zur Gesundheit der
Universitat Regensburg (AugUR) with 18-year, 14-year

or 3-year follow-up, respectively. Baseline assessment
included lifestyle, metabolic and genetic markers. We
derived cumulative estimates, rates and risk factor
association for: (1) incident early AMD, (2) incident late
AMD among no AMD at baseline (definition 1), (3) incident
late AMD among no/early AMD at baseline (definition 2), (4)
progression from early to late AMD.

Results Incidence/progression increased by age, except
progression in 70+-year old. We observed 35-55-year-
old with 3CACSS-based early AMD who progressed to
late AMD. Predominant risk factor for incident late AMD
definition 2 was early AMD followed by genetics and
smoking. When separating incident late AMD definition

1 from progression (instead of combined as incident late
AMD definition 2), estimates help judge an individual’s
risk based on age and (3CACSS) early AMD status: for
example, for a 65-year old, 3-year late AMD risk with no
or early AMD is 0.5% or 7%, 3-year early AMD risk is 3%;
for an 85-year old, these numbers are 0.5%, 21%, 12%,
respectively. For CC-based ‘early/intermediate’ AMD,
incidence was higher, but progression was lower.
Conclusion We provide a practical guide for AMD risk
for ophthalmology practice and healthcare management
and document a late AMD risk for individuals aged <55
years.

INTRODUCTION

Age-related macular degeneration (AMD) is a
degenerative disorder affecting the complex
of photoreceptors, retinal pigment epithelium

Key messages

What is already known about this subject?

» While there are numerous epidemiological studies
with cross-sectional data on age-related macular
degeneration (AMD), population-based longitudinal
studies and estimates for incidence and progression
for AMD are scarce.

What are the new findings?

» We report incidence of early and late AMD as well
as progression and respective risk factors covering
a particularly wide age spectrum in three jointly de-
signed cohort studies. By integrating our results with
estimates from four other European cohorts, we pro-
vide a comprehensive view on incident late AMD. In
our data, also younger individuals aged 35-55years
with baseline early AMD exhibited at least a seven-
fold increased 18-year cumulative risk for late AMD
compared with individuals at the same age without
AMD.

How might these results change the focus of

research or clinical practice?

» Our practical guide for ophthalmologists helps judge
an individual’s risk for late AMD based on age and
early AMD status, which is also relevant for health-
care management and clinical trial design. Our re-
sults might draw more attention to AMD in the young.

(RPE) and choroid in the central retina.' It
represents the leading cause of central vision
loss in the elderly populations of industri-
alised countries.' Due to population ageing,
the number of affected individuals has been
projected to increase.” ° Epidemiological
measures such as prevalence, incidence and
progression are key for healthcare manage-
ment and individuals’ risk assessment.

While there are numerous population-
based studies with one-time assessment of
AMD  (cross-sectional studies) estimating
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disease prevalence,” " there are only few studies with
multiple AMD assessments longitudinally.” ® A recent
meta-analysis of European cohort studies had included
22 studies on AMD prevalence, but only four studies on
AMD incidence.” In Germany, population-based AMD
incidence data are limited to the Gutenberg Health
Study with 5-year follow-up.’

The current gold standard in epidemiological studies
to document early/intermediate and late AMD stages is
the grading of colour fundus images of the central retina.
On colour fundus images, early AMD is characterised by
differently sized yellowish accumulations of extracellular
material (drusen) between Bruch’s membrane and the
RPE or between the RPE and the neurosensory retina.
Other features of early/intermediate AMD are RPE
abnormalities, including depigmentation or increased
amount of pigment.' Late AMD can manifest as an
atrophic form known as geographic atrophy (GA) or a
macular neovascular (MNV) complication characterised
by choroidal/ (sub)retinal ingrowth of diseased blood
vessels and bleeding.' "’

While the definition of late AMD is fairly similar
across clinical and epidemiological studies, classification
systems for early AMD differ in terms of graded features
and categories.'' When comparing the Three Continent
AMD Consortium Severity Scale (3CACSS)"” and the
Clinical Classification (CC),"” substantial differences in
early AMD prevalence were documented (17% vs 44%,
respectively).” A recent assessment of the performance
of several classification systems showed that each system
had its merits in different settings'' and that 3CACSS
performed best in predicting progression to late AMD."" *

Further challenges pertain to study design: (1) as
AMD is frequent only in the elderly, studies in younger
adults require long-term follow-up to observe a suffi-
cient number of events, particularly for late AMD and
(2) studies in the old-aged require a study programme
meeting the needs of the elderly and a shorter follow-up
period to avoid high loss from mortality. This renders it
difficult to provide AMD cohort data across a wide age
range and epidemiologic measures on AMD in a system-
atic fashion.

We aimed to provide estimates for early and late
AMD incidence as well as for progression from early to
late AMD in a wide age spectrum. Making use of the
research platforms of KORA (Kooperative Gesund-
heitsforschung in der Region Augsburg) and AugUR
(Altersbezogene Untersuchungen zur Gesundheit der
Universitidt Regensburg), we have set up AMD investiga-
tion in three population-based cohort studies in parallel.
The joint design enabled harmonisation of colour fundus
imaging, AMD assessment, AMD grading (3CACSS, CC)
and the optimisation of follow-up length according to
participants’ age: 18-year follow-up for younger adults
(KORA-Fit, 35-55 years), 14-year follow-up for older
adults (KORA-FF4, 55-75 years) and 3-year follow-up
for the old aged (AugUR, 70-95 years). The KORA and
AugUR studies are also highly comparable in terms of

recruiting in middle-sized cities in Bavaria, Southern
Germany, with participants having similar lifestyle, envi-
ronment and genetic background.’” "* This enabled us
to observe 1513 individuals aged 35-95 years at baseline
and ~16000 person-years, to estimate early/late AMD
incidence and progression, and to quantify relative risk
from well-established AMD risk factors like age, sex,
smoking, high-density lipoprotein cholesterol (HDL-C)
and genetic profile.! "'

SUBJECTS AND METHODS

Study populations and study samples

KORA is a research platform recruiting from the popu-
lation aged 25-74 years living in/around Augsburg,
Germany, a city with ~300000 inhabitants."” Details
have been described previously.'” ' In brief, the present
analysis is based on the fourth KORA survey (KORA-
S4, conducted 1999-2001, n=4261, response=67%)."
KORA-S4 was conducted in several study centres, one of
them equipped for colour fundus imaging, rendering
2842 of the 4261 KORA-S4 participants eligible for the
fundus sub-study, of which 2840 participated as reported
previously.’

The follow-up in the KORA-S4 fundus substudy
contained two parts. First, a 14-year follow-up (KORA-
FF4, 2013/14)* included 1653 participants aged 55-74
years with baseline fundus imaging. Of these, 678 indi-
viduals obtained follow-up fundus images (follow-up net
response 60%; online supplemental table 1A). Second,
an 18-year follow-up (KORA-Fit, 2018/19) included
1831 participants aged 35-55 years with baseline fundus
imaging. Of these, 856 obtained follow-up fundus images
(follow-up net response 61%; online supplemental table
1B).

AugURisaresearch platform recruiting from the mobile
elderly population in/around Regensburg, Germany, a
study region with ~3 30000 inhabitants of mostly Cauca-
sian ancestry comparable to KORA in terms of size, living
and environmental conditions as well as genetic back-
ground. Study recruitment and conduct were designed
according to the procedures from KORA as reported
previously."* We here report on the first of two AugUR
baseline surveys (AugURI-BL, 2013-2015 n=1133) as
described previously.” A 3-year follow-up (applied the
same procedures (AugURI-FU1, 2016-2018); all baseline
participants were eligible and reinvited. AugURI1-FU1
included 788 participants with fundus imaging (net
follow-up response 77%; online supplemental table 1C).
Although follow-up response was high, response at base-
line indicated selection towards the mobile elderly as
described previously.”

The recruitment procedures were the same for
KORA”' and AugUR," since AugUR was designed after
the example of KORA: local registries were asked to draw
a random sample of individuals residing in the study
area (Augsburg or Regensburg, respectively, and selected
counties) and having a birth year that met study require-
ments (25-74 years for KORA, 70+years for AugUR);
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these individuals were asked to participate by a mailed
written invitation letter. For KORA, a German passport
was required. There were no a priori exclusion criteria.

Patient and public involvement statement

It was not appropriate or possible to involve patients or
the public in the design, or conduct, or reporting, or
dissemination plans of our research.

Assessment of participant characteristics and risk factors at
baseline

Data assessment of KORA and AugUR was highly compa-
rable, since KORA served as model when designing the
AugUR study. Details on baseline data collection have
been described elsewhere.®” '* ¥ %% In brief, information
on lifestyle factors and metabolic parameters was gath-
ered via a standardised face-to-face interview, medical
examinations by trained medical staff and laboratory
measurements from blood (online supplemental text
1). KORA and AugUR study participants were geno-
typed and genetic information was imputed. Based on 50
of 52 variants reported for late AMD," we computed a
genetic risk score (GRS) by adding the dosages of AMD
risk alleles, weighed by the respective variant’s published
effect size'” (online supplemental text 1). Askimed
(http://www.askimed.com/) and SAS were used for data
management.

AMD classification based on colour fundus images

Colour fundus photography of the central retina and
AMD feature assessment were conducted as described
previously’” (online supplemental text 2). For each eye
with gradable colour fundus imaging, AMD status was
classified by 3CACSS'” and CC."”

All images, from baseline and follow-up in the three
cohorts (KORA-S4, KORA-FF4, KORA-Fit, AugURI-BL,
AugURI-FU1), were graded for AMD features by the
same experienced and trained ophthalmological consul-
tants (CB and TB) as described before.’ ” Further details
on double grading, interrater reliability and baseline
versus follow-up comparisons are provided in online
supplemental text 3.

Assessed features included presence of drusen and
pigment abnormalities (hyperpigmentation or depig-
mentation), drusen size category (small, intermediate,
large), total drusen area and presence of GA and/or
MNV. Then, we transferred this information into the
AMD status according to the 3CACSS and CC classifica-
tion systems as ‘no’ (absence of ‘early’ or ‘late’), ‘early’
(3CACSS: mild, moderate or severe early; CC: early,
intermediate) or ‘late’ AMD (details described in online
supplemental text 2) and previously.®”

The AMD status of a person was derived as the AMD
status of the eye with the more severe AMD stage (‘worse
eye’) when both eyes were gradable, or as the status of
the one available eye otherwise. We analysed individuals
with at least one eye gradable at baseline and at follow-up.

Defining four types of events

All participants with AMD status assessed at baseline and
follow-up were included in the present analysis. For each
participant, we defined four types of ‘events’ based on
the observed transition from baseline to follow-up AMD
status: (1) ‘incident early AMD’ when the person had ‘no
AMD?’ at baseline and ‘early AMD’ at follow-up, (2) ‘inci-
dent late AMD (definition-1)’ for ‘no AMD’ at baseline
and ‘late AMD’ at follow-up, (3) ‘incident late AMD (defi-
nition 2)’ for ‘no AMD’ or ‘early AMD’ at baseline and
‘late AMD’ at follow-up and (4) ‘progression from early
to late AMD’ for ‘early AMD’ at baseline and ‘late AMD’
at follow-up. Analyses were restricted to the respective
‘persons at risk’: (1) individuals without AMD at baseline
for incident early AMD or incident late AMD (definition
1), (2) individuals with no or early AMD at baseline for
incident late AMD (definition 2), (3) individuals with
baseline early AMD for progression.

Statistical analyses

Statistical analyses were carried out in R, V.3.6.3 (R
Core Team, 2020) and IBM SPSS Statistics, V.25 (IBM).
Descriptive statistics were derived for participants in this
longitudinal analysis and those lost-to-follow-up, using
logistic regression to test for differences.

We computed cumulative incidence and progression
estimates, per study and also by refined age-groups within
study, as the number of ‘events’ divided by the number of
‘persons at risk’ (online supplemental text 4). Since the
classification of ‘early AMD’ differs between 3CACSS and
CC and, consequently, also the classification of ‘no AMD’
(ie, absence of early and late AMD), we computed cumu-
lative incidence and progression for 3CACSS-based AMD
and CC-based AMD. We compared the two classifications
of ‘early AMD’ by positive predictive value (PPV) for
late AMD and area under the receiver operating curve
(AUROGC; online supplemental text 4). We estimated the
association of established risk factors; age, sex, smoking,
HDL-C and GRS with incident early AMD, incident late
AMD (definition 2) or progression, per study, via multiple
logistic regression. ORs were tested for difference from
unity (online supplemental text 4).

For comparison between our studies and to published
studies, we estimated incidence and progression rates
per 1000 person-years by study and refined age-groups
(online supplemental text 4). The number of events
per age-group derived from the individual’s baseline
age assuming event onset in the middle of follow-up.
We conducted sensitivity analyses assuming that events
occurred at 2/3 of follow-up. We used incidence/
progression rates to derive l-year and 3-year cumulative
incidence/progression according to 1~ éxp (—t xrate),
where rate is the rate of the respective event and ¢ is the
number of years across which events were accumulated
(here: 1 or 3 years). We did this by age-group and study
and combined across the three studies for the overlap-

ping age-groups.
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RESULTS

Participant characteristics

Gradable images for AMD for atleastone eye at baseline
and follow-up were available for 1513 individuals (2901
eyes at baseline, 2869 at follow-up), which comprised
the analysed sample (KORA-Fit n=506, KORA-FF4
n=350, AugUR n=657). Analysed participants were
50% women and baseline age ranged from 35 to 95
years (online supplemental table 2). Net follow-up
response was 61%, 60% and 71%, respectively (online
supplemental table 1). Individuals not participating
in follow-up were slightly older and with a slightly less
healthy lifestyle (more current smokers, less physi-
cally active, higher BMI), but otherwise comparable to
the analysed sample, particularly in terms of baseline
AMD status (online supplemental table 2). The three
jointly designed AMD studies covered the younger, the
older and the old-aged adult population (baseline age
34-55 years, 54-75 years, 70-95 years for KORA-Fit,
KORA-FF4, AugUR), followed for 18, 14 and 3 years,
respectively (age at follow-up 53-73 years, 69-88 years,
73-98 years, online supplemental figure 1).

Cumulative incidence and progression differ between
classification systems
We estimated cumulative AMD incidence and progres-
sion by study and refined age-group for the two
classification systems, 3CACSS-based and CC-based
early AMD (‘mild/moderate/severe early’ AMD or
‘early/intermediate’ AMD, respectively). We found
lower cumulative incidence for 3CACSS-based early
AMD compared with CC-based, but higher progres-
sion (eg, KORA FF4: 14-year early AMD incidence
13.9% vs 41.5%, progression 43.8% vs 18.5%, respec-
tively; table 1, online supplemental table 3). Late
AMD incidence was similar for definition 1, despite
the different group at risk (ie, ‘no AMD’ as absence of
early/late AMD), and exactly the same for definition 2
(as expected, group at risk defined as no/early AMD).
The higher progression from 3CACSS-based early
to late AMD compared with CC-based early AMD was
also reflected by higher PPVs in the three-category view
(online supplemental figure 2A). When extending this
to the five-category view for refined AMD categories
(3CACSS: no, mild early, moderate early, severe early,
late AMD; CC: no AMD, age-related changes, early, inter-
mediate, late AMD), we found a consistent increase in
PPVs by increased 3CACSS categories in all three studies,
but a PPV near zero for lower CC categories rendering
these rather uninformative (online supplemental figure
2A). When evaluating the ability of the two system’s no/
early AMD categories to discriminate for future late AMD
development via AUROC, we found good performance
for both systems (AUROC 0.72 to 0.87, online supple-
mental figure 2B). 3CACSS showed an advantage for
old-aged in the three-category view. However, CC-based
early AMD identified some younger/older individuals
who progressed to late AMD, which was overlooked by

3CACSS (one of eight late AMD cases in younger, 3 of
14 in older individuals); this was at the cost of additional
‘false-positives’ (reduced specificity, online supplemental
figure 2B). This pattern was also seen in the five-category
view. We focused the following on 3CACSS.

Comparing risk factors association for incident early, incident
late AMD and progression

We evaluated association of risk factors assessed at base-
line (age, sex, smoking, ex-smoking, HDL-C, GRS) with
3CACSS-based cumulative incidence of early and late
AMD (definition 2) by study via logistic regression. We
also evaluated association with progression in the old
aged (AugUR; not in KORA-Fit, KORA FF4 due to sparse
numbers). We found the following (figure 1, online
supplemental table 4): (1) GRS and age were consistently
associated with increased odds for incident early and inci-
dent late AMD, (2) for progression (in old aged), GRS
showed significant association, but not age, (2) smoking
was associated with increased odds for incident late AMD
and, for old-aged, also for progression, but not for inci-
dent early AMD, (3) baseline early AMD conveyed the
most consistent and highest risk for late AMD across
studies without and with GRS as covariate (OR from 21.0
to 57.7; p<0.002).

The ORs of the GRS were fairly stable across models
and studies, higher for incident late AMD (OR 1.9-4.5
per 5% of maximum possible GRS) than for early AMD
(OR=1.5-1.9), and OR=2.5 for progression in old aged.
For current smoking, we found not only remarkably high
ORs (for incident late AMD and, in old-aged, for progres-
sion) but also high uncertainty. We found no association
for sex, former smoking or baseline HDL-C. The lack of
HDL-C association with AMD was not due to adjusting for
the GRS, which includes HDL-C-associated genetic vari-
ants (in/near LIPC, CETP genes), since the lack was also
observed without GRS as covariate.

Rates and 3-year risk of incidence and progression as a
practical guide for practitioners
To compare estimates between studies with different
follow-up lengths, we computed rates per 1000 person-
years by study and refined age-group, focused on
3CACSS (15830 person-years overall). This revealed a
clear increase by age in the rates of incident early AMD
and incident late AMD definition 2 (figure 2A,C, online
supplemental table 5A,C). There was almost no increase
in rates of incident late AMD definition 1 above the age
of 60 years (figure 2B, online supplemental table 5B).
Rates of progression also increased by age in the younger
and older, but not in old aged (figure 2D, online supple-
mental table 5D). For these analyses, we assumed the
observed event to have occurred at half of follow-up
time, but sensitivity analyses assuming occurrence at 2/3
provided very similar results (online supplemental table
6).

Incidence and progression rates are not fully intu-
itive for interpretation, but can be transformed to, for
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Open access

|I

(A) Cumulative incidence of early AMD
Study Age (years)t

(B) Cumulative incidence of late AMD (definition 1)*
95% Cl

N events/nt  Incidence (%) 95%ClI N events/nt Incidence (%)

(34,45) 15/268 5.6 3.2t0 9.1 0/268 0.0 0.0to 1.4

(50,55) 10/80 12.5 6.2t021.8 2/80 2.5 0.3t0 8.7
(53,60) 14/149 9.4 5.2t015.3 4/149 2.7 0.7t0 6.7
(65,75) 13/70 18.6 10.31029.7 2/70 2.9 0.3t09.9
(70,75) 24/224 10.7 7.0to 15.5 1/224 0.4 0.0to 2.5
(80,96) 17/96 17.7 10.7 t0 26.8 1/96 1.0 0.0to 5.7
(C) Cumulative incidence of late AMD (definition 2)§ (D) Cumulative progression from early to late AMD
Study Age (years)t N events/nt  Incidence (%) 95%CI N events/nt Progression (%) 95%ClI

(34,45) 1/275 0.4 0.0to 2.0 1/7 14.3 0.4t0 57.9

(50,55) 5/87 5.7 1.9t012.9 3/7 42.9 9.910 81.6

(53,60) 4/151 2.6 0.7 t0 6.6 0/2 0.0 0.0 to 84.2

(65,75) /77 9.1 3.7t017.8 5/7 29.0t0 96.3

(70,75) 6/267 2.2 0.8t0 4.8 5/43 11.6 3.9 to 25.1

(80,96) 6/117 5.1 1.9t010.8 5/21 23.8 8.21t047.2

Shown are 18year, 14 year, and 3year cumulative estimates and 95% CI for incidence and progression for the three studies (KORA-Fit, KORA FF4,

AugUR, respectively), overall and by refined age groups. For AMD classification, 3CACSS12 was applied here (analogous estimates for CC36 in

online supplemental table 3).

*Considering individuals with no AMD at baseline (definition 1).

TAge at baseline.

FNumber of events/number of persons at risk.

§Considering individuals with no or early AMD at baseline (definition 2).

AMD, age-related macular degeneration; AugUR, Altersbezogene Untersuchungen zur Gesundheit der Universitdt Regensburg; 3CACSS, Three
Continent AMD Consortium Severity Scale; KORA-Fit / KORA-FF4, Kooperative Gesundheitsforschung in der Region Augsburg.

example, 3-year cumulative incidence and progression
(Methods). The joint analysis across the three studies
allowed us to cover age-groups from 35 to 100 years.
We derived a side-by-side comparison of 3-year risk for
each of the four events (figure 3A-D), with three of
these particularly informative given a person’s age and
early AMD status: risk of early or late AMD (definition
) among individuals without AMD (figure 3A,B) and
risk of late AMD among individuals with early AMD (ie,
progression, figure 3D). For example, our data suggested
that an individual aged 65 years without AMD had a 3%
risk to develop early AMD within the next 3 years and a
0.5% risk to develop late AMD; when the 65-year-old had
early AMD, their 3-year risk to progress to late AMD was
7%. For an individual aged 85 years, the numbers were
7%, 0.5% and 21%, respectively. Interestingly, our data

—

indicated that the 65-year-old and the 85-year-old without
early AMD have comparable late AMD risk (ie, 0.5%).
While these estimates are subjected to uncertainty, this
can be a practical guide to help judge an individual’s risk
by age and early AMD status.

Features of early AMD in younger adults are predictive for

late AMD development

AMD is commonly defined as a disease-affecting indi-
viduals in their sixth decennium and older. In the
cross-sectional evaluation of KORA-S4, we had previously
detected features resembling early AMD in participants
who were markedly younger (as young as <30 years).’ This
had raised the question, whether the detected features
were truly AMD-related or artefacts mimicking AMD. For
these younger adults with early AMD features, we were
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Figure 1 Risk factor association with incident early age-
related macular degeneration (AMD), incident late AMD and
progression by study. We conducted logistic regression
including age, sex, follow-up time, smoking, former smoking,
high-density lipoprotein cholesterol (HDL-C), genetic risk
score (GRS) and early AMD at baseline (BL) (as applicable).
Shown are OR and 95% Cls for (A) incident early AMD,

(B) incident late AMD among those with no or early AMD at
baseline (definition 2) and (C) progression for AugUR. For
AMD classification, 3CACSS was applied. Detailed results
also from other models are shown in online supplemental
table 4). AugUR, Altersbezogene Untersuchungen zur
Gesundheit der Universitat Regensburg; KORA-Fit / KORA-
FF4, Kooperative Gesundheitsforschung in der Region
Augsburg; FU, follow-up.

now able to assess their risk to progress to late AMD using
the 18-year follow-up of KORA-Fit (35-55 years of age at
baseline, 53-73 years at follow-up, median follow-up time
18 years): 22.7% of these progressed to late AMD (n=5 of
22; online supplemental table 1D), compared with 0.6%
among those without baseline AMD (n=3 of 484). This
yielded an unadjusted OR of 47.2 for the 18-year cumu-
lative progression to late AMD comparing individuals

with baseline early AMD with those AMD-free and an
OR of 35.0 (95% CI 7.4 to 166.0, p value <0.0001) when
adjusting for age and follow-up time. When regrading
the AMD status of these 22 individuals, we confirmed
baseline early AMD of all 22, late AMD at follow-up for
the 5, and early AMD for the other 17.

Our derived 3-year risk of disease and progression
demonstrates that a 45-year-old without early AMD
has a 0.5% risk to develop early AMD within 3years
(figure 3A) and a practically 0 risk for late AMD
(figure 3B); a 45-year-old with early AMD has a 2% risk
of progressing to late AMD within 3years (figure 3D).
Such a person might be underdiagnosed, if there is no
attention for these early AMD features also in younger
individuals and limited awareness that they can prog-
ress to late AMD.

DISCUSSION

We conducted three population-based, jointly designed
cohort studies with >1500 individuals aged 35-95 years
at baseline and an 18-year, 14-year or 3-year follow-up,
respectively, and derived cumulative estimates for AMD
incidence and progression. For 3CACSS compared with
CC classification, we found lower incidence of early
AMD, but higher progression to late AMD, prompting us
to focus on 3CACSS for most of the analyses. Incident
and progression rates were estimated by age-groups and
the corresponding 3-year risk estimates provide a prac-
tical guide for an individual’s risk given age and early
AMD status. Importantly, we found 22.7% of the 35-55-
year old with early AMD at baseline to have progressed
to late AMD within 18 years of follow-up. Our systematic
analysis of AMD risk factors confirmed age, genetics and
current smoking and allowed for a direct comparison of
those AMD risk factor associations with incident early
and late AMD, and also—focused on the high-aged—for
progression.

Our data are unique in its wide age range, covering
35-95 years at baseline and 35-100 years for rate estima-
tion, with a longer follow-up of the younger and older to
capture a sufficient number of events as well as a shorter
follow-up in the old aged to avoid high loss by mortality.

A clear strength of our data is the highly standardised
study procedures across the three studies. Data
assessment of KORA and AugUR was highly compa-
rable, since KORA served as model when designing
the AugUR study. AMD grading of all colour fundus
images—across studies as well as across baseline
and follow-up—was performed by the same trained
ophthalmologists. Moreover, mild pharmacological
mydriasis was applied in the majority of participants
aged >70 years, to ascertain high image quality despite
old-age-related smaller pupil size.

Our results are also unique by our side-by-side view
of estimates for four types of events: incident early
AMD next to two definitions of incident late AMD and
progression. Most published estimates on incident
late AMD were computed among individuals with no
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Figure 2 Rates per 1000 person-years for incident early AMD, incident late AMD and progression by study and refined
age groups. Rates per 1000 person-years were derived by 10-year age groups (KORA-Fit, KORA FF4) or 5-year age groups
(AugUR) and assuming that the event occurred in the middle of the follow-up time. Shown are estimated rates and 95%
Cls for (A) incident early AMD, (B) incident late AMD among individuals with no AMD at baseline (definition 1), (C) incident
late AMD among individuals with no or early AMD at baseline (definition 2) and (D) progression from early to late AMD.

For AMD classification, 3CACSS was applied. Note the different y-axes scales. AMD, age-related macular degeneration;
AugUR, Altersbezogene Untersuchungen zur Gesundheit der Universitat Regensburg; KORA-Fit / KORA-FF4, Kooperative

Gesundheitsforschung in der Region Augsburg.

or early AMD at baseline (eg,”*® which is our late

AMD incidence definition 2). It is useful particularly
for association analyses, as it includes more individ-
uals at baseline, more events during follow-up and
options to model baseline early AMD as covariate.
While the term ‘incidence’ might not be fully appro-
priate, because this type of event includes both,
incidence and progression, it is used very often as such
in published literature and a comparison should be
facilitated. One reason beyond more events is maybe
also a reduced issue by different early AMD classifica-
tion systems: when no AMD and early AMD are taken
together to define individuals at risk for late AMD,
then different early AMD classification systems do not
matter. We also derived late AMD incidence restricted
to individuals AMD-free at baseline, our definition
1, which separates incidence from progression: the
3-year risk estimates modelled from rates provide a
practical guide for ophthalmology practitioners to
help judge the late AMD risk for a person without

early AMD (incident late AMD definition-1) versus a
person with early AMD (progression). These estimates
are subjected to uncertainty, as indicated by 95% Cls.
Also, the modelling of yearly rates required an assump-
tion on the time of onset, since we had only two AMD
assessments per participant over time, but alternative
onset times yielded similar results. As sample sizes
particularly for late AMD were limited in the anal-
yses per age-group, larger meta-analyses across cohort
studies with harmonised early AMD classification,
for example, within the European Eye Epidemiology
consortium, are warranted to improve these estimates.

A challenge to compare estimates for incident early
AMD and progression across published studies are the
different classification systems for early AMD, with
consequences also for the no AMD definition. We have
previously highlighted substantial differences in early
AMD prevalence for 3CACSS versus CC.” Here, we docu-
ment marked differences longitudinally: incidence for
early AMD was lower, but progression to late AMD was
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Figure 3 Three-year risk of incident early AMD, incident late AMD and progression by age groups in the joint analysis. In a
joint analysis across the three studies (combining individuals from the same age groups as applicable), 3-year risk estimates
by age groups were derived from rates assuming event onset in the middle of follow-up. Shown are estimates and 95% Cls for
(A) incident early AMD, (B) incident late AMD among individuals with no AMD at baseline (definition 1), (C) incident late AMD
among individuals with no or early AMD at baseline (definition 2) and (D) progression from early to late AMD. Also stated are
number of modelled events and person-years at risk. For AMD classification, 3SCACSS was applied. Note the different y-axis
scales. AMD, age-related macular degeneration; 3CACSS, Three Continent AMD Consortium Severity Scale.

higher for 3CACSS compared with CC, a pattern similarly
as found by others."" This and previous recommenda-
tion'" prompted us to focus on 3CACSS for most analyses.
The different classification systems did not affect incident
late AMD definition 2, which was expected, since the
group at risk combines no with early AMD and 3CACSS-
based early AMD is basically a subgroup of CC-based
early AMD’; furthermore, they did not affect incident
late AMD definition 1, despite the different groups at
risk defined as absence of early or late AMD, probably
because CC contributed little additional to 3CACSS in
terms of prediction.

When comparing our results on late AMD incidence
rate definition 2 with the recently published meta-analysis
of four European cohorts in 7223 individuals,” we found
the 95% CIs to overlap: our rates per 1000 person-years
were 2.2 (95% CI 1.0 to 4.5) in 55-year old to 65-year old
and 11.7 (95% CI 7.8 to 16.8) among 70-year to 100-year
old; the published meta-analysis yielded 0.5 (95% CI 0.1
to 2.7) for individuals 50-70 years and 6.7 (95% CI 3.2
to 14.1) for 70-100 years. For a more direct compar-
ison, we gathered age-group-specific estimates from the
meta-analysis’ authors® and embedded our three studies’
rates. This yielded incidence rates from overall 8736

individuals covering 35 to 100 years, with the unique
estimates in the 35-50-year old from our KORA-Fit study
(figure 4). These estimates showed the expected increase
by age with considerable variability between studies. To
our knowledge, this provides the most comprehensive
joint view on late AMD incidence from international
population-based cohort studies so far.

Not included in the European meta-analysis was the
Copenhagen City Eye Study”’ (n=359, age 60-80 years,
Wisconsin Age-Related Maculopathy Grading System):
their 14-year cumulative incidence of early and late
AMD (definition 2) of 31.5% and 14.8%,% respec-
tively, were higher than our 13.9% and 4.6% from
KORA FF4 14-year follow-up (slightly younger: 54-75
years, n=350, 3CACSS grading). Worldwide, the only
two other long-term AMD studies, Beaver Dam Eye
Study” and Blue Mountains Eye Study” (n=3917and
1149, age 43-86 and 49+ years, respectively), reported
15-year cumulative incidence of 14.3% and 22.7% for
early AMD and 3.1% and 6.8% for late AMD (defini-
tion 2),” * which compared well to our KORA FF4
estimates. The Gutenberg Health Study, the only other
population-based cohort from Germany’ (n=6492,
age 35-74 years), yielded a 5-year cumulative any
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no or early AMD at baseline. The four longitudinal studies included in the meta-analysis of Li et al’ are compared with
KORA-Fit, KORA-FF4 and augur results (as in figure 2C). AGES-R, Age, Gene/Environment Susceptibility-Reykjavik Study;
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AMD incidence among individuals AMD free at base-
line (1.7%, 69 early or late AMD events); our longer
follow-up in the younger/older and the inclusion of
old aged enabled us to report on two times as many
any AMD events (n=142) despite a smaller sample size.
Population-based cohort studies on progression cover
diverse aspects of transition to more severe stages.”*

Clinically very important is our observation that a
relevant fraction, 22.7%, of the 35-year to 55-year-old
with 3CACSS-based early AMD at baseline progressed
to late AMD within 18 years of follow-up. This suggests
that the baseline-identified features in these rela-
tively young individuals were not purely phenotypes
mimicking AMD or other preceding retinal changes,
but also reflected—at least in part—*‘truly’ early AMD,
and that AMD is not solely relevant at old age. Our
data demonstrate that these 35-55-year old with base-
line early AMD exhibited at least a sevenfold increased
18-year cumulative risk for late AMD compared with
individuals at the same age without AMD. As we had
only 22 individuals with early AMD at that age, which
was also reflected in the broad 95% CI, further studies
are warranted. If substantiated, this should help draw
attention to critical early AMD in the moderately aged
and their risk for progression. This may be pivotal for
timely diagnosis and therapy to help prevent vision
loss in the middle of life.

Our association analyses were systematic for incident
early AMD, incident late AMD definition-2, as well as
progression. We confirmed known risk factors: age,
genetic profile and early AMD at baseline.”®*’ As the GRS
was consistently significantly associated with increased
odds for incident early and incident late AMD as well as

for progression in old aged, our data support the poten-
tial usefulness of genetic testing in subjects with early
AMD to help identify individuals at particularly high risk
for progression to late AMD. We found smoking with a
remarkably high cumulative 3-year risk for progression
in individuals aged 70+, but only for current smoking at
baseline (OR=7.2, 95% CI (1.0 to 67.2), p=0.06) and not
for former smoking. This renders help to stop smoking
a potentially effective prevention of progression also at
old age. Limited number of events possibly hampered
the detection of HDL-C association,” but power is an
issue for virtually all AMD cohort studies when anal-
ysed separately. We also found no association of sex and
AMD incidence/progression. In the published literature,
HDL-C and sex are both highly debated risk factors,
mostly based on cross-sectional studies: some studies have
implicated female sex or high HDL-C as associated with
AMD, some have not and some have shown the oppo-
site.”’ ™’ Regarding longitudinal data, the Beaver Dam Eye
Study”* or the Blue Mountains Eye Study” showed female
sex as a risk factor for early AMD incidence, but not for
late AMD incidence; also, for example, not in the whole
study population of the Beaver Dam Eye Study but only
in women 75 years of age or older. Importantly, a recent
approach using longitudinal data to develop a prediction
model for incident late AMD applies a machine learning
algorithm that allows the selection of the most predic-
tive risk factors automatically. This approach also did not
detect/include sex or HDL-C.”

Some limitations warrant mentioning: we need to
acknowledge a selection at baseline towards the mobile
elderly population in our old-aged AugUR partici-
pants due to the recruitment strategy; participants
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were required to come to the study centre, to conduct
a 3-hour study programme, and to answer interview
questions personally.” However, follow-up response
was high at 71% and baseline AMD frequencies did
not differ between follow-up participants and drop
outs. With regards to AMD assessment, the utilisation
of colour fundus photography rather than optical
coherence tomography or further multimodal imaging
is a noteworthy limitation: smaller lesions might have
been missed; multimodal imaging data can provide
more and better reproducible information. Shorter
follow-up intervals would have improved the uncer-
tainty in estimating incidence rates. Missingness of
image data for one of the two eyes of a participant can
lead to biased estimates.” ” However, the one-eye miss-
ingness was only 4% at baseline and 5% at follow-up
and the bias, thus, limited.

In summary, we addressed incidence of early and late
AMD as well as progression and provide results covering
a particularly wide age spectrum. Our results in younger
adults contribute uniquely to the existing literature and
our joint view integrating our three studies’ results to
four other European cohorts is, to our knowledge, the
most comprehensive view on incident late AMD to date.
Our practical guide for 3-year risk of AMD incidence and
progression is relevant for healthcare management, clin-
ical trial design and patient counselling: given the age
and existence/non-existence of early AMD, an ophthal-
mologist can judge the individual’s risk to develop late
AMD within 3years. Large joint efforts to combine
cohort study data are warranted to decrease uncertainty
in estimates. While it is already routine practice to pay
attention to individuals with early AMD >50 years of age
to enable timely diagnosis and therapy for late AMD, our
work may help to extend this attention to early AMD in
individuals aged <50 years.
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