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Objective: To describe the relationships of risk alleles in
complement factor H (CFH, rs1061170) and age-related
maculopathy susceptibility 2 (ARMS2, rs10490924) to the
incidence and progression of age-related macular degen-
eration (AMD) during a 20-year period.

Methods: There were 4282 persons aged 43 to 86 years
at the baseline examination in 1988-1990 enrolled in a
population-based cohort study who participated in at least
1 examination spaced 5 years apart during a 20-year pe-
riod and had gradable fundus photographs for AMD and
genotype information on CFH and ARMS2. Low, inter-
mediate, and high genetic risk for AMD was defined by
the presence of 0 to 1, 2, or 3 to 4 risk alleles for CFH
and ARMS2, respectively. Multistate models were used
to estimate the progression of AMD throughout the en-
tire age range.

Results: There were 2820 (66%), 1129 (26%), and 333
persons (8%) with low, intermediate, and high genetic risk

for AMD, respectively. The 5-year incidences of early and
late AMD were 9.1% and 1.6%, respectively, and in-
creased with age but did not differ significantly by sex. Using
the multistate model, of persons aged 45 years with no AMD
in the low, intermediate, and high AMD genetic risk groups,
33.0%, 39.9%, and 46.5%, respectively, were estimated to
develop early AMD, and 1.4%, 5.2%, and 15.3% were es-
timated to develop late AMD by age 80 years.

Conclusions: These population-based data provide es-
timates of the long-term risk of the incidence and pro-
gression of AMD and its lesions by age and genetic risk
alleles for CFH and ARMS2. They also show that when
early AMD is present, knowing the phenotype contrib-
utes more to risk assessment than knowing the genetic
risk based on these 2 AMD genes.
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F OLLOWING THE OBSERVA-
tions of the associations of
specific single-nucleotide
polymorphisms (SNPs) in the
complement factor H region

(CFH, rs1061170) and in the age-related
maculopathy susceptibility 2 region
(ARMS2, rs10490924) with late age-
related macular degeneration (AMD), there
has been a growing number of studies ex-
amining the relationships of these and other
AMD candidate genes and their interac-
tions with environmental and host risk fac-
tors.1-21 Most of these investigations have
been either clinical case series or case-
control studies and have focused largely on
late AMD. Few long-term studies have ex-
amined the relationshipsof thesegenetic risk
factors along the continuum of the disease
from its earliest to its most advanced
stages.2,22 The purpose of this report is to
describe the relationships of age and CFH

and ARMS2 risk alleles to the incidence of
AMD during a 20-year period, building on
previous reports in the Beaver Dam Eye
Study (BDES) cohort.23-26

METHODS

POPULATION

Methods used to identify the population and
descriptions of the population in the BDES have
appeared in previous reports.27-31 A private cen-
sus of the population of Beaver Dam, Wiscon-
sin, was performed from fall 1987 to spring
1988.27 There were 5924 eligible individuals,
4926 of whom participated in the examina-
tion phase between March 1, 1988, and Sep-
tember 15, 1990; 3721 participated in the 5-year
follow-up examination phase between March
1, 1993, and June 15, 1995; 2962 participated
in the 10-year follow-up examination phase be-
tween March 16, 1998, and June 9, 2000; 2375
participated in the 15-year follow-up exami-
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nation phase between March 31, 2003, and June 1, 2005; and
1913 participated in the 20-year follow-up examination phase
between November 5, 2008, and November 16, 2010. Ninety-
nine percent of the population was white.

Approval for this study was granted by the institutional re-
view board at the University of Wisconsin, Madison. In-
formed consent was obtained from each participant before ev-
ery examination. The tenets of the Declaration of Helsinki were
observed.

Comparisons between participants and nonparticipants at
each examination have appeared elsewhere.28-31 In general, those
who participated at the 20-year follow-up were more likely to
be younger than nonparticipants who were alive or those who
died before follow-up and, with adjustment for age, were less
likely to have AMD. The mean (SD) and median times be-
tween the baseline and 20-year follow-up examinations were
20.4 (0.6) years and 20.3 years.

PROCEDURES

Similar procedures were used at baseline and follow-up exami-
nations.23-26,32-37 A standardized interview and examination were
administered at each visit. Information on demographic char-
acteristics was obtained from the questionnaire used in the in-
terview. Stereoscopic 30° color fundus photographs centered
on the disc (Diabetic Retinopathy Study standard field 1) and
macula (Diabetic Retinopathy Study standard field 2) and a non-
stereoscopic color fundus photograph temporal to but includ-
ing the fovea of each eye were obtained.

Details of the grading procedure have been described.23,36,37

In brief, a circular grid was placed on 1 photographic slide of
the stereoscopic pair, which divided the macular area into 9
subfields consisting of a central circle (a single subfield), in-
ner ring (comprising the 4 inner subfields), and outer ring (com-
prising the 4 outer subfields). Some lesions were graded in each
subfield, other lesions only in Diabetic Retinopathy Study field
2 as a whole, and still others in additional fields. For the pur-
pose of this report, measurements made only within the 9 sub-
fields defined by the grid are given. Circles of defined diam-
eter (63, 125, 175, 250, 325, 350, and 650 µm) printed on clear
acetate were used to estimate drusen size and areas involved
by drusen, increased retinal pigment, and retinal pigment epi-
thelial (RPE) depigmentation.

Two gradings were performed on photographs of each eye
at each examination, with graders masked to any information
about the fellow eye and the participant.23-26,36,37 First, 1 of 2
senior graders (S.M.M.) performed a preliminary grading. Next,
a detailed grading was performed by 1 of 3 other experienced
graders. The assessment consisted of a subfield-by-subfield, le-
sion-by-lesion evaluation of each photograph set using the Wis-
consin Age-Related Maculopathy Grading System.36,37 Next, a
series of edits and reviews was performed. The presence and
severity of specific lesions of AMD (eg, maximum drusen size/
type/area and pigmentary abnormalities) at the fifth examina-
tion as determined by detail grading were compared with those
of the preliminary grading. Standardized edit rules were used
to adjudicate disagreements.23-26 Finally, the detail graders were
asked to make side-by-side comparisons between the 15- and
20-year follow-up photographs randomly ordered so that pho-
tography dates were masked for eyes that showed changes for
AMD lesions between these 2 examinations; in cases with no
photographs at the 15-year examination, those from the next
most recent examination were used for comparison. After this
masked longitudinal review of 15- and 20-year photographs was
complete, the senior grader (S.M.M.) and principal investiga-
tor (R.K.) performed a final unmasked review of all 5 visits for
progression and regression. All new classification of late AMD

was confirmed at this time. Additional information on grad-
ability at previous examinations has been reported.23-26

GENETIC MEASUREMENTS

Samples of DNA were extracted from buffy coat specimens col-
lected at the baseline examination. The 2 most common AMD-
associated SNPs, Y402H in CFH (OMIM 134370 [general ID] and
610698 [AMD phenotype]) and A69S in ARMS2 (OMIM 611313),
were used in this study. The A69S variant was genotyped in 5188
individuals using 2 different platforms (Taqman, Applied Bio-
systems; and iSelect array, Illumina, Inc). Assays were per-
formed at 2 separate times in 2248 and 2940 samples. Five hun-
dred eighty-eight samples were genotyped with both platforms,
with a genotype concordance rate of 99.7%. The genotype calls
from each assay were combined to create a single data set for analy-
sis. The Y402H variant was directly genotyped using a Taqman
assay in 3015 samples in the BDES.38,39 To increase the sample
size for the Y402H variant, we used data imputation techniques
(Markov chain haplotyping algorithm, version 1.032) on 2940
samples genotyped for 70 markers in the CFH region using a cus-
tom Illumina array. Using the surrounding linkage disequilib-
rium structure at CFH, we inferred genotypes at Y402H in both
typed and untyped samples, keeping only genotypes that could
be imputed with a high probability (r2�0.9). A concordance rate
of 99.8% was observed among 1476 samples for which geno-
typed and imputed data were available.40

DEFINITIONS

Age was documented at each participant visit and treated cat-
egorically in the following age groups: 43 to 54, 55 to 64, 65 to
74, 75 to 84, and 85 years or older. Individuals ranged in age
from 43 to 86 years at the time of the baseline examination.

Three genetic risk groups were defined on the basis of dis-
tributions of late AMD by risk allele status. The groups were
identified as follows: low genetic risk, persons with 0 to 1 risk
allele (no risk alleles or 1 risk allele for either CFH or ARMS2);
intermediate genetic risk, persons with 2 risk alleles (2 risk alleles
for either CFH or ARMS2 but none for the other or 1 risk allele
for each); and high genetic risk, persons with 3 to 4 risk alleles
(2 risk alleles for either CFH or ARMS2 and at least 1 risk al-
lele for the other, or 2 risk alleles for both).

The severity of AMD was determined using the 5-step BDES
AMD Severity Scale (eFigure 1; http://www.archophthalmol
.com). The definitions of each level are as follows.

v 10 (No AMD). Hard drusen or small soft drusen (�125
µm diameter) regardless of the area of involvement and no pig-
mentary abnormalities (defined as increased retinal pigment
or RPE depigmentation present) or no definite drusen with any
pigmentary abnormality.
v 20 (Minimally severe early AMD). Hard drusen or small

soft drusen (�125 µm diameter) regardless of the area of in-
volvement and with any pigmentary abnormality or soft dru-
sen (�125 µm diameter) with a drusen area of less than 331 820
µm2 (equivalent to O2, a circle with a diameter of 650 µm) and
no pigmentary abnormalities.
v 30 (Moderately severe early AMD). Soft drusen (�125 µm

diameter) with a drusen area of less than 331 820 µm2 (equiva-
lent to O2) and with any pigmentary abnormality or soft dru-
sen (�125 µm in diameter) with a drusen area of 331 820 µm2

or greater (equivalent to O2), with or without increased reti-
nal pigment but no RPE depigmentation.
v 40 (Severe early AMD). Soft drusen (�125 µm diameter)

with drusen area of 331 820 µm2 or greater (equivalent to O2)
and RPE depigmentation present, with or without increased reti-
nal pigment.
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v 50 (Late AMD). Pure geographic atrophy in the absence
of exudative macular degeneration or exudative macular de-
generation, with or without geographic atrophy.

As noted, there were additional severity classifications
based on scales for retinal drusen size, drusen type, and pig-
mentary abnormalities. Details of these scales appear in
eFigures 3-5.

Persons at risk for developing early AMD were those with-
out any lesion defining early or late AMD at baseline or the be-
ginning of a 5-year examination interval. Incidence of early AMD
in the worse eye was defined by developing level 20, 30, or 40
in at least 1 eye when both eyes had been level 10 at the pre-
vious examination. When 1 eye was ungradable, it was as-
sumed to have the same AMD level as the fellow eye. Inci-
dence was determined for the presence of signs of early AMD,
such as large drusen (�125 µm diameter), drusen type (soft
indistinct/reticular), and pigmentary abnormalities. The inci-
dence of a specific lesion was defined by its presence at fol-
low-up when it was not present at the previous examination
in any of the subfields. Similarly, persons at risk for develop-
ing late AMD (level 50) were those without late AMD at the
beginning of a 5-year examination interval who developed late
AMD in 1 or both eyes at follow-up.

The progression or regression of AMD during the 20-year
period was analyzed in the worse eye and evaluated using a mul-
tistate model (MSM). Progression of AMD was defined for an
individual as either eye transitioning to a more severe AMD level,
and regression of AMD was defined as either eye transitioning
to a less severe AMD level. In the MSM, regression from level
50 to less severe levels is not believed to be biologically pos-
sible and, therefore, was not included in the model. Progres-
sion and regression along the pigment, drusen type, and dru-
sen size scales were defined similarly (eFigures 3-5) using data
from the right eye. For most analyses, age and other charac-
teristics were defined at the beginning of an examination in-
terval.

STATISTICAL ANALYSIS

Incidence analyses were conducted using �2 tables with com-
mercial software (SAS, version 9.2; SAS Institute Inc). The in-
cidence of AMD was calculated for each 5-year period and ac-
cumulated during the 20 years of the study. The values of the
incident outcomes were updated for each consecutive 5-year
period. Once a person developed an incident outcome, their
data were no longer considered for analysis. Relationships were
further stratified by age group and genetic risk. Incidence was
evaluated in the worse eye in all analyses.

Next, MSM analyses were conducted in R41 using the
msm package (http://www.jstatsoft.org/v38/i08).42 Covariate ef-
fects on transition intensities were summarized as hazard ra-
tios. Using matrix exponentiation, we obtained annual transi-
tion matrices for each initial state, age, sex, and genetic risk
group as described in the “Definitions” subsection. From these
transition matrices, we calculated estimated transition prob-
abilities to each drusen, pigment, or AMD state (and death) af-
ter 5 years and the cumulative incidence of each AMD state by
genetic risk group. Cumulative incidence calculations were based
on model estimates, not individual data. Estimated cumula-
tive incidence calculations used annual assessments of AMD
status; participants were assigned to the most severe AMD state
observed at or before their current age. Confidence intervals
for these nonlinear functions of the transition intensity vari-
ables were obtained from a parametric bootstrap.43 Transi-
tions along the drusen size and type and pigment scales were
analyzed in the right eye, and transitions along the AMD se-
verity scale were analyzed in the worse eye.

Population-attributable risk was defined as the portion of
the incidence of a disease in the population that is due to ex-
posure and was calculated by subtracting the incidence in the
unexposed group (no risk alleles) from the incidence in the total
population. Change in the area under the receiver operating
characteristic curve (AUC) was used to measure improve-
ment in prediction when traditional AMD risk factors and CFH
and ARMS2 were added to the model based on AMD severity.
The AUC was calculated for each set of predictors using the
receiver operating characteristic curve statement (Proc Logis-
tic; SAS Institute Inc) and was plotted (ODS Graphics state-
ment; SAS Institute Inc).

RESULTS

THE COHORT

There were 4362 individuals who participated in at least 1
BDES examination and had genotype data for CFH and
ARMS2; 4282 of these participants had at least 1 eye grad-
able for AMD lesions during at least 1 BDES examination.
Person-specific analyses were based on the worse eye at each
interval. Reliable AMD data for at least 1 eye were avail-
able for 13 721 person-visits: 4232 at baseline, 3217 at the
5-year follow-up, 2565 at the 10-year follow-up, 2068 at
the 15-year follow-up, and 1639 at the 20-year follow-up.
eFigure 2 shows the number of individuals who were in-
cluded in the analyses at each pair of examinations. There
were 4270, 4262, and 4266 unique individuals in whom
the right eye was gradable for transitions along scales of
retinal pigment (eFigure 3), drusen size (eFigure 4), and
drusen type (eFigure 5), respectively, and 4282 unique in-
dividuals in whom the worse eye was gradable for transi-
tions along the 5-step AMD scale (eFigure 1).

INCIDENCE AND RATE
OF PROGRESSION RELATIONSHIPS

The overall 5-year incidence of early AMD during the 20-
year period was 9.1% and for late AMD was 1.6%. There
were 2820 (66%), 1129 (26%), and 333 (8%) persons with
low, intermediate, and high genetic risk for AMD, re-
spectively. The genotype distribution for CFH was TT,
39.4%; TC, 46.8%; and CC, 13.8%; for ARMS2 it was GG,
60.3%; GT, 35.0%; and TT, 4.7%. The incidence of early
and late AMD increased with increasing number of risk
alleles for CFH and ARMS2 (Table 1).

The 5-year incidence of early and late AMD and spe-
cific AMD lesions increased with age during the 20-year
period (Table 2). The 5-year incidence of early AMD
was 8.4%, 9.7%, and 14.0% and for late AMD was 0.9%,
2.1%, and 5.9% for low, intermediate, and high genetic
risk groups, respectively. With adjustment for age, there
were associations of increasing genetic risk with all in-
cident AMD outcomes.

CUMULATIVE INCIDENCE OF AMD
IN TWO AGE GROUPS AND GENETIC RISK

Figure 1 shows the MSM-determined estimated cumu-
lative incidence of increasing severity of early AMD (level
20 to 40) and late AMD (level 50) through age 100 years
based on assessments of AMD severity state for persons free
of AMD at ages 45 and 65 years for the 3 genetic risk groups.
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For individuals in the low genetic risk group who were free
of AMD at age 45 years (Figure 1A), the cumulative inci-
dence of late AMD (level 50) was estimated to increase to
9.9% and the cumulative incidence of early AMD to 41.6%
by age 100 years. The estimated cumulative incidences were
increasingly higher at a given age for early and late AMD
in the intermediate- and high-risk groups (Figure 1B and
C compared with Figure 1A). At age 80 years, the esti-
mated cumulative incidence of late AMD in individuals with
no AMD at age 45 years was 1.4% (Figure 1A), 5.2%
(Figure 1B), and 15.3% (Figure 1C) in the low-, interme-
diate-, and high-risk groups, respectively.

TheestimatedcumulativeincidenceofearlyandlateAMD
wassmaller inindividualswhosurvivedtoage65yearswith-
out signs of AMD than in individuals who had no signs of
AMD at age 45 years (Figure 1D compared with A, E com-
paredwithB,andFcomparedwithC).Forexample, inper-
sonswithnoevidenceofearlyAMDatages45and65years,
the estimated cumulative incidence of late AMD by age 80
years in thosewithhighgenetic riskwas15.3%(Figure1C)
and 7.9% (Figure 1F), respectively. For those aged 45 and
65yearswithnoevidenceofAMDand lowgenetic risk, the
estimates for developing late AMD were lower (1.7%
[Figure 1A] and 0.6% [Figure 1D], respectively).

Table 1. Five-Year Incidence of Early and Late AMD by CFH and ARMS2 Genotype in the Beaver Dam Eye Study, 1988-2010

ARMS2 Genotype

CFH Genotype, No. at Risk (% Event)

Early AMD Late AMD

TT CT CC TT CT CC

GG 1784 (7.3) 1873 (9.4) 558 (11.1) 2184 (0.5) 2432 (1.4) 718 (1.1)
GT 886 (8.5) 1168 (8.9) 341 (11.4) 1145 (0.7) 1520 (2.4) 441 (3.4)
TT 122 (11.5) 80 (18.8) 28 (32.1) 160 (3.6) 48 (12.1) 55 (10.9)

Abbreviations: AMD, age-related macular degeneration; ARMS2, age-related maculopathy susceptibility 2; CFH, complement factor H.

Table 2. Incidence of AMD Outcomes by Age and Genetic Risk in the Beaver Dam Eye Study, 1988-2010

Outcome and
Genetic Riska

Overall

Age, y

43-54 55-64 65-74 75-84 �85

No.
at Risk

Events,
No. (%)

No.
at Risk

Events,
No. (%)

No.
at Risk

Events,
No. (%)

No.
at Risk

Events,
No. (%)

No.
at Risk

Events,
No. (%)

No.
at Risk

Events,
No. (%)

Early AMD
Overall 6840 624 (9.1) 1567 62 (4.0) 2503 147 (5.9) 2018 251 (12.4) 700 143 (20.4) 52 21 (40.4)
Low 4543 381 (8.4) 998 40 (4.0) 1621 76 (4.7) 1383 155 (11.2) 502 96 (19.1) 39 14 (35.9)
Intermediate 1848 180 (9.7) 458 19 (4.2) 704 45 (6.4) 509 74 (14.5) 166 37 (22.3) 11 5 (45.5)
High 449 63 (14.0) 111 3 (2.7) 178 26 (14.6) 126 22 (17.5) 32 10 (31.3) 2 2 (100.0)

Drusen size �125 µm
Overall 7396 646 (8.7) 1648 56 (3.4) 2680 153 (5.7) 2187 261 (11.9) 813 153 (18.8) 68 23 (33.8)
Low 4887 386 (7.9) 1047 39 (3.7) 1717 74 (4.3) 1483 152 (10.3) 588 105 (17.9) 52 16 (30.8)
Intermediate 2011 189 (9.4) 485 14 (2.9) 765 52 (6.8) 562 83 (14.8) 185 35 (18.9) 14 5 (35.7)
High 498 71 (14.3) 116 3 (2.6) 198 27 (13.6) 142 26 (18.3) 40 13 (32.5) 2 2 (100.0)

Soft indistinct drusen
Overall 7627 473 (6.2) 1664 33 (2.0) 2768 98 (3.5) 2275 194 (8.5) 845 129 (15.3) 75 19 (25.3)
Low 5017 269 (5.4) 1058 21 (2.0) 1766 46 (2.6) 1535 109 (7.1) 602 80 (13.3) 56 13 (23.2)
Intermediate 2091 149 (7.1) 487 10 (2.1) 798 32 (4.0) 591 68 (11.5) 198 35 (17.7) 17 4 (23.5)
High 519 55 (10.6) 119 2 (1.7) 204 20 (9.8) 149 17 (11.4) 45 14 (31.1) 2 2 (100.0)

Any pigmentary abnormality
Overall 7893 548 (6.9) 1638 33 (2.0) 2755 105 (3.8) 2436 206 (8.5) 966 176 (18.2) 98 28 (28.6)
Low 5207 315 (6.1) 1046 18 (1.7) 1776 55 (3.1) 1638 113 (6.9) 678 113 (16.7) 69 16 (23.2)
Intermediate 2132 164 (7.7) 475 11 (2.3) 775 31 (4.0) 627 71 (11.3) 232 43 (18.5) 23 8 (34.8)
High 554 69 (12.5) 117 4 (3.4) 204 19 (9.3) 171 22 (12.9) 56 20 (35.7) 6 4 (66.7)

Late AMD
Overall 8814 140 (1.6) 1741 2 (0.1) 2992 9 (0.3) 2745 47 (1.7) 1204 66 (5.5) 132 16 (12.1)
Low 5772 52 (0.9) 1109 1 (0.1) 1908 0 1832 12 (0.7) 832 30 (3.6) 91 9 (9.9)
Intermediate 2398 50 (2.1) 509 0 851 5 (0.6) 710 21 (3.0) 296 20 (6.8) 32 4 (12.5)
High 644 38 (5.9) 123 1 (0.8) 233 4 (1.7) 203 14 (6.9) 76 16 (21.1) 9 3 (33.3)

Pure geographic atrophy
Overall 8775 49 (0.6) 1743 0 2992 3 (0.1) 2730 15 (0.6) 1179 22 (1.9) 131 9 (6.9)
Low 5770 21 (0.4) 1109 0 1910 0 1832 4 (0.2) 826 11 (1.3) 93 6 (6.5)
Intermediate 2383 17 (0.7) 512 0 851 1 (0.1) 704 9 (1.3) 286 6 (2.1) 30 1 (3.3)
High 622 11 (1.8) 122 0 231 2 (0.9) 194 2 (1.0) 67 5 (7.5) 8 2 (25.0)

Exudative AMD
Overall 8867 91 (1.0) 1742 2 (0.1) 2998 6 (0.2) 2753 32 (1.2) 1234 44 (3.6) 140 7 (5.0)
Low 5798 31 (0.5) 1109 1 (0.1) 1911 0 1835 8 (0.4) 846 19 (2.3) 97 3 (3.1)
Intermediate 2416 33 (1.4) 510 0 854 4 (0.5) 713 12 (1.7) 306 14 (4.6) 33 3 (9.1)
High 653 27 (4.1) 123 1 (0.8) 233 2 (0.9) 205 12 (5.9) 82 11 (13.4) 10 1 (10.0)

Abbreviation: AMD, age-related macular degeneration.
aOutcomes were determined using the worse eye. Genetic risk groups: low, 0-1 risk alleles; intermediate, 2 risk alleles; and high, 3-4 risk alleles.
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CUMULATIVE INCIDENCE OF LATE AMD
WITH INCREASING SEVERITY OF AMD

BY GENETIC RISK

Figure 2 shows the estimated cumulative incidence of
more severe stages of AMD in persons who, at age 45 years,
had AMD levels 10, 20, 30, and 40. Individuals with low
genetic risk who had early AMD at age 45 years were es-
timated to have a higher cumulative incidence of late AMD
by age 80 years compared with individuals without AMD
at age 45 years (Figure 2D, G, and J compared with A).
This was also true for the intermediate-risk (Figure 2E,
H, and K compared with B) and high-risk (Figure 2F, I,
and L compared with C) groups. In those in the low ge-
netic risk group at age 45 years, 1.4%, 7.0%, 15.0%, and
33.4% of individuals with AMD levels 10 (Figure 2A),
20 (Figure 2D), 30 (Figure 2G), and 40 (Figure 2J), re-
spectively, were estimated to have developed late AMD
by age 80 years.

CUMULATIVE INCIDENCE OF AMD
WITH INCREASING SEVERITY OF DRUSEN SIZE,

TYPE, AND PIGMENTARY ABNORMALITIES
BY INCREASING GENETIC RISK

Figure 3 shows the MSM estimates of cumulative inci-
dence of increasing size and severity of retinal drusen and
increasing severity of pigmentary abnormalities in indi-
viduals with low, intermediate, and high genetic risk who
were free from those lesions at age 45 years. For ex-

ample, Figure 3A shows that the estimated cumulative
incidence of intermediate-sized drusen (�63 to �125 µm
diameter, height of area shaded light gray) was 23.8%,
24.4%, and 23.3%, and large drusen (�125 µm diam-
eter, height of areas shaded medium and dark gray) was
11.0%, 15.8%, and 18.6% at age 80 years in individuals
with low (Figure 3A), intermediate (Figure 3B), and high
(Figure 3C) genetic risk, respectively, who had no or small
drusen at age 45 years. Figure 3D-F shows that the es-
timated cumulative incidence of hard distinct drusen
(height of the light gray area) was 68.3%, 57.6%, and
43.6%; for soft distinct drusen (height of the medium gray
area) it was 13.6%, 15.4%, and 17.0%; and for soft in-
distinct/reticular drusen (height of the dark gray area) it
was 7.3%, 13.4%, and 18.8% at age 80 years in individu-
als with low (Figure 3D), intermediate (Figure 3E), and
high (Figure 3F) genetic risk, respectively, who had no
or hard indistinct drusen at age 45 years. Because indi-
viduals with higher genetic risk are more likely to de-
velop a more severe drusen type, there is an inverse as-
sociation of genetic risk groups with the cumulative
incidence of hard distinct drusen at age 80 years
(Figure 3D-F). Figure 3G-I shows the estimated cumu-
lative incidence of increased retinal pigment was 13.9%,
21.4%, and 28.9%; for RPE depigmentation it was 1.8%,
3.5%, and 8.1%; and for geographic atrophy it was 0.1%,
0.4%, and 1.8% at age 80 years in individuals with low
(Figure 3G), intermediate (Figure 3H), and high
(Figure 3I) genetic risk, respectively, who had no pig-
mentary abnormalities at age 45 years.
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Figure 1. Estimated cumulative incidence of early (height of light gray area) and late (height of dark gray area) age-related macular degeneration (AMD) by genetic
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POPULATION-ATTRIBUTABLE RISK AND
PROGNOSTIC ASSESSMENT

The estimated population-attributable risk fraction for
early and late AMD was 9.6% and 53.2%, respectively,
when at least 1 CFH risk allele was present and 5.0% and
43.0% when at least 1 ARMS2 risk allele was present.

The AUC for progression from no or early AMD to
late AMD for a model that included only AMD severity
level was 0.9316 (Figure 4). Adding traditional risk fac-
tors (eg, age, sex, history of smoking, hypertension, his-
tory of physical activity, and history of multivitamin use)
showed an incremental gain of 0.0280 and a further in-
cremental gain of 0.0066 with the addition of CFH and
ARMS2 to the model. The ARMS2 and CFH genes added
a small incremental gain after AMD severity level and tra-
ditional risk factors had been added to a model with geo-
graphic atrophy (0.0019) or exudative AMD (0.0099) as
the end point.

COMMENT

We examined the relationships between genetic risk, de-
fined by the number of allelic variants of SNPs of 2 AMD
candidate genes, CFH (rs1061170) and ARMS2
(rs10490924), and the estimated cumulative incidence
and progression of AMD in the population-based BDES
cohort during a 20-year period. Using MSMs, the esti-
mated cumulative incidences of early AMD at age 80 years
in persons without AMD at age 45 years in the geneti-
cally low, intermediate, and high risk groups were 33.0%,
39.9%, and 46.5%, respectively, and for late AMD were
1.4%, 5.2%, and 15.3%.

Genetic risk group status was directly associated with
the incidence of more severe drusen type, large drusen, and
pigmentary abnormalities. The association of genetic risk
with late AMD (odds ratio per increasing genetic risk group,
2.93) was stronger than for early AMD (odds ratio, 1.38).
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Figure 2. Estimated cumulative incidence of more severe age-related macular degeneration (AMD) in persons at age 45 years by increasing beginning AMD level
(rows top [level 10] to bottom [level 40]) and increasing genetic risk (columns left [low] to right [high]) in the Beaver Dam Eye Study, 1988-2010. For example,
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The population-attributable risk for late AMD was 53%
when at least 1 CFH risk allele was present and 43% when
at least 1 ARMS2 risk allele was present.

Using 20 years of BDES data and MSMs, we esti-
mated the cumulative incidence for developing late AMD
in persons aged 45 years without AMD who survive to
age 80 years, the current estimated life expectancy for a
45-year-old in the United States, to vary from 1.4% in
persons with low genetic risk to 15.3% in those with high
genetic risk. These findings are consistent with those of
virtually all earlier studies1-26,44-48 showing a strong asso-

ciation of increasing age and genetic risk with high long-
term incidence of AMD. The relatively high estimated
overall cumulative incidence in persons with high ge-
netic risk and the availability of preventive approaches
have led others2,22,49,50 to develop risk assessment mod-
els based on genetic and environmental exposures. The
rationale for such screening is that earlier detection of
individuals at high risk of developing late AMD may lead
to changes in behaviors, such as cessation of smoking,
changes in diet (eg, eating more foods containing omega-3
fatty acids and more leafy green vegetables), and in-
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creased physical activity levels that might, in part, pre-
vent or reduce the incidence and progression of AMD.
For example, data from a pilot study51 showed that smok-
ers reported they would be more likely to quit smoking
if told they were at high genetic risk of developing late
AMD. However, in the BDES, smoking status has not
proven to be a risk factor for the cumulative incidence
of late AMD,52 and to date, it has not been demonstrated
that interventions to alter behaviors (eg, change in diet,
smoking cessation) affect the incidence of late AMD.

Wehavedemonstratedtheeffectsof the2mostcommon,
and arguably strongest, genetic correlates of AMD in this
study; however, approximately 80% of individuals at high
genetic risk for lateAMDareestimatedtobe freeof this level
of severity of disease if they live until age 80 years. For ev-
ery 1000 persons in the cohort screened for genetic risk,
only 78 persons aged 45 years would be expected to have
the high-risk genotype and, of those, only 12 are estimated
todevelop lateAMDif they live toage80;66willnot.Thus,
data from our study and others suggest that such screen-
ingusinggenotyping inyoungpersonswithoutearlyAMD
is not indicated.53 Once early AMD is present, defining ge-
netic risk using CFH and ARMS2 status, although statisti-
cally significantly contributing to the prediction of the risk
for lateAMD, theaddition is small andcontributes littlebe-
yond that of knowing the phenotypic stage of the disease
(Figure4). IthasalsobeenshownbyKleinandcolleagues,22

usingdatafromtheAge-RelatedEyeDiseaseStudy,thatgeno-
typingadds little to theAUCanalysesbeyondthatofknow-
ing the phenotype once signs of early AMD are present.

Genetic riskof the2candidateSNPswasshownforearly
andlateAMDlesions.CandidateSNPsfromCFHandARMS2
haveconsistently shownstrongerassociationswithexuda-
tive AMD and geographic atrophy than with signs of early
AMD.*Ourresults areconsistentwithcross-sectional find-

ings from the Blue Mountains Eye Study,63 the Rotterdam
Study,55 and the ALIENOR (Antioxydants, Lipides, Essen-
tiels,NutritionetmaladiesOculaires) study,54 inwhichper-
sonswhowerehomozygousfortheCFHvarianthadincreased
odds, ranging from1.2 to2.4 forearlyAMDcomparedwith
no AMD. In addition, in the Rotterdam Study, the associa-
tionbecamestrongerwith increasingseverityofearlyAMD.
Our results are also consistent with the findings of Yu and
colleagues,2 who used a similar MSM in data from 2560 pa-
tientswithoutlateAMDintheAge-RelatedEyeDiseaseStudy
and found that CFH and ARMS2 were related to the devel-
opment of large drusen but not intermediate-sized drusen
(�63 to �125 µm diameter). They did not examine the re-
lationship of these genes to pigmentary abnormalities.

The reason for the weaker relationship of genetic risk
to early than to late AMD is not understood. Delcourt
and colleagues54 speculated that the weaker odds of ap-
proximately 2 found between individuals homozygous
for the C allele of the CFH Y402H polymorphism and early
AMD compared with odds of 16 to 23 for late AMD may
be the result of lesions considered to be specific for early
AMD being a heterogeneous group of abnormalities, some
of which bear a very low risk for late AMD. Another pos-
sibility is that environmental factors may have more ef-
fect on the lesions now considered to be characteristic
of early AMD compared with late AMD.

Thebiologicalmechanismsof theCFHgeneinthepatho-
genesisofAMDhavebeenwelldescribedandincludechanges
in CFH protein levels that lead to alterations in the regula-
tionofcomplementactivation inresponse to inflammation.
The CFH gene also affects the metabolism of lipids, such as
malondialdehyde, thataccumulate inresponse tooxidative
stressandare thought tocontribute toRPEcelldeath.67 The
role of ARMS2 is also uncertain. It may work through dif-
ferent mechanisms, such as stabilization of the extracellu-
larmatrix intheBruch’smembraneandinprotectingagainst
oxidative stress.68-70 Smailhodzic and colleagues71 reported
complementderegulationtobeassociatednotonlywithCFH
high-riskallelesbutalsowithARMS2high-riskalleles, sug-
gesting thatARMS2maybe involved in theactivationof the
complementsystem.Wedidnot findaninteractionbetween
CFHandARMS2andincidentearlyAMD(R.K.,unpublished
data,March2012), andourstudywasunderpowered toex-
amine such an interaction for late AMD.

We used the MSM in the reported analyses in this ar-
ticle, which permits staged modeling of AMD progres-
sion, incorporating all facets of the natural history of AMD
as well as death into a single, biologically plausible model
rather than modeling aspects of the disease process in iso-
lation. It uses a biological meaningful time scale (partici-
pant age) rather than an artificial time scale (time of study)
and incorporates time-varying covariates by updating co-
variate values at observation times. The MSM accounts for
the correlation between past outcomes and future out-
comes by conditioning on the current state (the Markov
assumption). That is, a participant’s AMD state at the next
scheduled visit given the current AMD state is assumed to
be independent of the history of AMD. This assumption is
fairly standard in survival analysis applications (key for the
Cox regression model). An important advantage of the MSM
over the Cox model is the ability to more fully use the avail-
able information on AMD progression. The primary dis-*References 1-5, 10-16, 18-22, 39, 49-51, 53-66.
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advantage of the MSM is computational complexity; the
assumptions underlying the MSM are either the same or
less restrictive than the alternatives.

Caution should be observed in interpreting our data.
First, we used SNPs from only 2 AMD candidate genes; it
is possible that inclusion of all the identified possible loci,
many of which are likely to be unknown, might have in-
fluenced our findings. Second, the racially/ethnically ho-
mogeneous population (99.6% white) limits our infer-
ences. Third, power to examine relationships for some
infrequent end points (eg, reticular drusen, geographic at-
rophy, and exudative AMD) was limited, as well as our abil-
ity to assess the possibility of gene � gene and gene � age
interactions. Mortality may limit the interpretation of as-
sociations because of selective survival. On the other hand,
the BDES has many strengths, including repeated exami-
nations during a 20-year period using standardized de-
tailed procedures for obtaining stereoscopic color fundus
photographs of the macula and an objective system for grad-
ing those photographs for AMD phenotypes.

This report provides long-term population-based ob-
servations regarding the relationships of genetic risk as
defined by the number of CFH and ARMS2 risk alleles
and age with the natural history of AMD from its earli-
est to its latest stages. The high incidence of AMD at older
ages and increased survival suggest a growing burden of
this disease. The value of risk assessment will be deter-
mined as the pathogenesis of the disease becomes better
understood and new evidence emerges to support cost-
effective interventions before onset or at the earliest stages
of the disease. For now, knowing the phenotype when
early AMD is present contributes more to risk assess-
ment than knowing the genetic risk based on the 2 AMD
candidate genes with the largest attributable risk.
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