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Abstract
Objective—To describe 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 degeneration (AMD) over a 20-year period.

Methods—There were 4282 persons aged 43–86 years at the baseline examination in 1988–1990
enrolled in a population-based cohort study who participated in at least 1 pair of examinations
spaced 5 years apart over a 20-year period and had gradable fundus photographs for AMD and
genotype information on CFH and ARMS2. Low, intermediate, and high genetic risk for AMD
was defined by the presence of 0–1, 2, or 3–4 risk alleles for CFH and ARMS2, respectively.
Multi-state models (MSMs) were used to estimate progression of AMD over the entire 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 increased with age but did not differ by sex. Using the MSM, 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%, respectively were estimated to develop late AMD by age 80 years.

Conclusions—These population-based data provide estimates of the long-term risk of the
incidence and progression of AMD and its lesions by age and genetic risk alleles for CFH and
ARMS2.
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Following the observations 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 have been a growing number of studies examining the
relationships of these and other AMD candidate genes and their interactions with
environmental and host risk factors.1–21 Most of these studies have been either clinical case
series or case-control studies, and have focused largely on late AMD. Few long-term studies
have examined the relationships of these genetic 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
over a 20-year period, building upon 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 have appeared in
previous reports.27–31 A private census of the population of Beaver Dam, Wisconsin was
performed from fall 1987 to spring 1988.27 There were 5924 eligible individuals, of whom
4926 participated in the examination phase between March 1, 1988 and September 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 between
March 16, 1998 and June 9, 2000, 2375 participated in the 15-year follow-up examination
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 Review Board at the University of
Wisconsin. Informed consent was obtained from each participant before every 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
while adjusting for age, were less likely to have AMD. The mean and median times between
the baseline and 20-year follow-up examinations were 20.4 years (standard deviation = 0.6)
and 20.3 years, respectively.

Procedures
Similar procedures were used at baseline and follow-up examinations.23–26,32–37 A
standardized interview and examination were administered at each visit. Information on
demographic characteristics, were obtained from the questionnaire. 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 nonstereoscopic color fundus
photograph temporal to but including the fovea of each eye.

Details of the grading procedure have been described previously.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), inner ring (comprised
of the 4 inner subfields), and outer ring (comprised of 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 purpose of this report, measurements made only
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within the 9 subfields defined by the grid are presented. Circles of defined size (63, 125,
175, 250, 325, 350, and 650 μm in diameter) printed on clear acetate were used to estimate
drusen size and areas involved by drusen, increased retinal pigment, and retinal pigment
epithelial (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 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, lesion-
by-lesion evaluation of each photograph set using the Wisconsin 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, pigmentary
abnormalities) at the fifth examination as determined by detail grading were compared to
that 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 15- and 20-year follow-up photographs randomly ordered so that photography dates
were masked for eyes that showed change for AMD lesions between these 2 examinations;
in cases where there were no photos at the 15-year examination, the photos 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 (SMM) and principal
investigator (RK) performed a final unmasked review of all 5 visits for progression and
regression. All eyes newly classified with late AMD were also confirmed at this time.
Additional information on gradability at previous examinations can be found
elsewhere.23–26

Genetic Measurements
DNA was extracted from buffy coat specimens collected at the baseline exam. The 2 most
common AMD-associated SNPs, Y402H in CFH and A69S in ARMS2, were used in this
study. The A69S variant was genotyped in 5188 individuals using two different platforms,
Taqman (Applied Biosystems, Foster City, California, USA) and Illumina (San Diego,
California, USA). Assays were performed at two separate times in 2248 and 2940 samples,
respectively. Five hundred and 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 dataset for analysis. The Y402H variant was directly genotyped
using a Taqman assay in 3015 samples in the BDES, which is described elsewhere.38,39 To
increase sample size for the Y402H variant, we used data imputation techniques (MACH
program version 1.032) on 2940 samples genotyped for 70 markers in the CFH region using
a custom Illumina array. Using the surrounding linkage disequilibrium 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 both genotyped and imputed data was available.40

Definitions
Age was defined at the time of each participant visit and treated categorically in the
following age groups: 43–54, 55–64, 65–74, 75–84, and ≥85 years.

Three genetic risk groups were defined based on distributions of late AMD by risk allele
status: low genetic risk included persons with 0–1 risk alleles (no risk alleles for either CFH
or ARMS2, or 1 risk allele for either CFH or ARMS2); intermediate genetic risk included
persons with 2 risk alleles (2 risk alleles for either CFH or ARMS2 but none for the other or
1 risk allele for each); high genetic risk included persons with 3–4 risk alleles (2 risk alleles
for either CFH or ARMS2 and at least 1 risk allele for the other, or 2 risk alleles for both).
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The severity of AMD was determined using the 5-step BDES AMD Severity Scale (eFigure
1). The definitions of each level are as follows.

10 (No AMD)—Hard drusen or small soft drusen (<125 μm in diameter) only, regardless of
area of involvement and no pigmentary abnormalities (defined as increased retinal pigment
or RPE depigmentation present); or no definite drusen with any pigmentary abnormality.

20 (Minimally severe early AMD)—Hard drusen or small soft drusen (<125 μm in
diameter), regardless of area of involvement, with any pigmentary abnormality; or soft
drusen (≥125 μm in diameter) with drusen area <331,820 μm2 (equivalent to O2, a circle
with a diameter of 650 μm) and no pigmentary abnormalities.

30 (Moderately severe early AMD)—Soft drusen (≥125 μm in diameter) with drusen
area <331,820 μm2 (equivalent to O2) and with any pigmentary abnormality; or soft drusen
(≥125 μm in diameter) with drusen area ≥331,820 μm2 (equivalent to O2) with or without
increased retinal pigment but no RPE depigmentation.

40 (Severe early AMD)—Soft drusen (≥125 μm in diameter) with drusen area ≥331,820
μm2 (equivalent to O2) and RPE depigmentation present, with or without increased retinal
pigment.

50 (Late AMD)—Pure geographic atrophy (GA) in the absence of exudative macular
degeneration; or exudative macular degeneration with or without GA present.

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

Persons at risk for developing early AMD were those without any lesion defining early or
late AMD at baseline or the beginning 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 were Level 10 at the previous examination. When 1 eye was ungradable, it was
assumed to have the same AMD level as the fellow eye. Incidence was determined for
presence of signs of early AMD, eg, large drusen (size ≥125 μm in diameter), drusen type
(soft indistinct/reticular), and pigmentary abnormalities. The incidence of a specific lesion
was defined by its presence at follow-up when it was not present at the previous examination
in any of the subfields. Similarly, persons at risk for developing 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 over the 20-year period was analyzed in the worse
eye and evaluated using a multi-state 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 model,
individuals were not allowed to regress from Level 50 to less severe levels. Progression and
regression along the pigment, drusen type, and drusen size scales were defined similarly
(eFigures 3–5) using data from the right eye only. For most analyses, age and other
characteristics were defined at the beginning of an examination interval.

Statistical Methods
Incidence analyses were conducted using chi-square tables with SAS version 9.2 (SAS
Institute, Cary, North Carolina, USA). Incidence of AMD was calculated for each 5-year
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period and accumulated over 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, they no longer contributed to later 5-year periods. 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.42 Covariate effects on
transition intensities were summarized as hazard ratios. Using matrix exponentiation, we
obtained annual transition matrices for each initial state, age, sex, and genetic risk group as
described above. From these transition matrices, we calculated estimated transition
probabilities to each drusen, pigment or AMD state (and death) after 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 cumulative
incidence calculations used annual assessments of AMD status; subjects were assigned to
the most severe AMD state observed at or before their current age. Confidence intervals
(CIs) for these non-linear functions of the transition intensity parameters were obtained from
a parametric bootstrap.43 Transitions along the drusen size and type and pigment scales were
analyzed in right eyes only, and transitions along the AMD severity 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 exposure and was calculated by subtracting the incidence in the
unexposed group (no risk alleles present) from the incidence in the total population. Change
in area under the receiver operating characteristic curve (AUC) was used to measure
improvement in prediction when traditional AMD risk factors and CFH and ARMS2 were
added to the model based on AMD severity. AUC was calculated for each set of predictors
using the ROC statement in SAS Proc Logistic and was plotted using the ODS Graphics
statement.

RESULTS
The cohort

There were 4362 individuals who participated in at least 1 BDES examination and had
genotype data for both CFH and ARMS2, of whom 4282 had at least 1 eye gradable for
AMD lesions during at least 1 pair of BDES exams. Person-specific analyses were based on
the worse eye at each interval. Reliable AMD data for at least 1 eye were available for
13721 person-visits, 4232 at baseline, 3217 at 5-year follow-up, 2565 at 10-year follow-up,
2068 at 15-year follow-up and 1639 at the 20-year follow-up. eFigure 2 shows the number
of individuals who were included in analyses at each pair of exams. There were 4270, 4262,
and 4266 unique individuals in which 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 individuals in which the worse eye was gradable for
transitions along the 5-step AMD scale (eFigure 1).

Incidence and rate of progression relationships
The overall 5-year incidence of early AMD over the 20-year period was 9.1% and for late
AMD it was 1.6%. There were 2820 (66%), 1129 (26%), and 333 persons (8%) with low,
intermediate, and high genetic risk for AMD, respectively. The genotype distribution for
CFH was 39.4% TT, 46.8% TC, and 13.8% CC and for ARMS2 it was 60.3% GG, 35.0%
GT, and 4.7% TT. The incidence of early and late AMD increased with increasing number
of risk alleles for CFH and ARMS2 (Table 1).
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The 5-year incidences of both early and late AMD and specific AMD lesions increased with
age over the 20-year period (Table 2). The 5-year incidence of early AMD over the 20-year
period was 8.4%, 9.7%, and 14.0% and for late AMD it was 0.9%, 2.1%, and 5.9% for low,
intermediate, and high genetic risk groups, respectively. While adjusting for age, there were
associations of increasing genetic risk with all incident AMD outcomes.

Cumulative incidence of AMD for individuals with no AMD at age 45 and 65 years by
increasing genetic risk

Using an MSM, Figure 1 shows estimated cumulative incidence of increasing severity of
early AMD (Level 20 to Level 40) and late AMD (Level 50) through age 100 years based on
assessments of AMD severity state for persons free of AMD at age 45 and 65 years for the 3
genetic risk groups. For individuals in the low genetic risk group who were free of AMD at
age 45 years (Figure 1, Panel A), the cumulative incidence of late AMD (Level 50) was
estimated to increase to 9.9%, the cumulative incidence of Level 40 or higher to 15.9%, the
cumulative incidence of Level 30 or higher to 32.2%, and the cumulative incidence of Level
20 or higher to 51.5% 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 1, Panels B and C compared to Panel A). At age 80 years, estimated
cumulative incidence of late AMD in individuals with no AMD at age 45 was 1.4% (Figure
1, Panel A), 5.2% (Panel B), and 15.3% (Panel C) in the low, intermediate, and high risk
groups, respectively.

The estimated cumulative incidence of early and late AMD was smaller in individuals who
survived to age 65 without any signs of AMD than in individuals who had no signs of AMD
at age 45 (Figure 1, Panel D compared to Panel A, Panel E compared to Panel B and Panel F
compared to Panel C). For example, in persons with no evidence of early AMD at age 45
and 65 years, the estimated cumulative incidence of late AMD by age 80 years in those with
high genetic risk was 15.3% (Panel C) and 7.9% (Panel F), respectively, while for those
aged 45 and 65 years with no evidence of AMD and low genetic risk, the estimates for
developing late AMD were lower (1.7% [Panel D] and 0.6% [Panel A], respectively).

Cumulative incidence of AMD for individuals with increasing severity of AMD by genetic
risk at age 45 years

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

Cumulative incidence of AMD for individuals with increasing severity of drusen size, type,
and pigmentary abnormalities by increasing genetic risk at age 45 years

Figure 3 shows the MSM estimates of cumulative incidence of increasing size and severity
of retinal drusen and increasing severity of pigmentary abnormalities in individuals with
low, intermediate, and high genetic risk who were free from those lesions at age 45 years.
For example, Figure 3A shows that the estimated cumulative incidence of intermediate size
drusen (≥63 to <125 μm diameter) was 23.8%, 24.4%, and 23.3% and large size drusen
(≥125 μm in diameter) was 11.0%, 15.8%, and 18.6% at age 80 years in individuals with
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low (Panel A1), intermediate (Panel A2), and high (Panel A3) genetic risk, respectively who
had no or small drusen at age 45 years. Figure 3B shows that the estimated cumulative
incidence of hard distinct drusen was 68.3%, 57.6%, and 43.6%, for soft distinct drusen it
was 13.6%, 15.4%, and 17.0%, at age 80 and for soft indistinct/reticular drusen it was 7.3%,
13.4%, and 18.8% at age 80 years in individuals with low (Panel B1), intermediate (Panel
B2), and high (Panel B3) genetic risk, respectively, who had no or hard indistinct drusen at
age 45 years. Because individuals with higher genetic risk are more likely to develop a more
severe drusen type, there is an inverse association of genetic risk groups with the cumulative
incidence of hard distinct drusen at age 80 years (Figure 3B). Figure 3C shows the estimated
cumulative incidence of increased retinal pigment was 13.9%, 21.4%, and 28.9% at age 80,
for RPE depigmentation it was 1.8%, 3.5%, and 8.1% at age 80 years, and for geographic
atrophy it was 0.1%, 0.4%, and 1.8%, at age 80 years in individuals with low (Panel C1),
intermediate (Panel C2), and high (Panel C3) genetic risk, respectively who had no
pigmentary abnormalities at age 45 years.

Population attributable risk
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%,
respectively when at least 1 ARMS2 risk allele was present.

Prognostic assessment of risk
The AUC for progression from no or early AMD to late AMD for a model that included
AMD severity level only was 0.9316 (Figure 4). Adding traditional risk factors (eg, age, sex,
history of smoking, hypertension, history of physical activity, and history of multivitamin
use) showed an incremental gain of 0.0280, and a further incremental gain of 0.0066 with
the addition of CFH and ARMS2 to the model. ARMS2 and CFH added a small incremental
gain after AMD severity level and traditional risk factors had been added to a model with
GA (0.0019) or exudative AMD (0.0099) as the endpoint.

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

Genetic risk group status was directly associated with the incidence of more severe drusen
type, large size drusen, and pigmentary abnormalities. The association of genetic risk with
late AMD (OR per increasing genetic risk group=2.93) was stronger than for early AMD
(OR=1.38). 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 estimated 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 US, 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 virtually all earlier studies showing a strong association of increasing age
and genetic risk with high long term incidence of AMD.1–26,44–48 The relatively high
estimated overall cumulative incidence in persons with high genetic risk and the availability
of preventive approaches have led others to develop risk assessment models based on
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genetic and environmental exposures.2,22,49,50 The rationale for such screening is that earlier
detection of those 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 increasing physical activity levels that
might, in part, prevent or reduce the incidence and progression of AMD in these individuals.
For example, data from a pilot study showed that smokers reported they would be more
likely to quit smoking if told they were at high genetic risk of developing late AMD.51

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.

While we have demonstrated the effects of the two most common, and arguably strongest,
genetic correlates of AMD in this study, about 80% of those at high genetic risk for late
AMD are estimated to be free of this disease if they live until age 80 years. For every 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 to develop late
AMD if they live to age 80 while 66 will not. Thus, data from our study and others suggest
that such screening using genotyping in young persons without early AMD is not
indicated.53 Once early AMD is present, defining genetic risk using CFH and ARMS2
status, while statistically significantly adding to predicting the risk of late AMD, the addition
is small and contributes little beyond that of knowing the phenotypic stage of the disease
(Figure 4). It has also been shown by Klein and colleagues22 using data from the Age-
Related Eye Disease Study that genotyping adds little to the AUC analyses beyond that of
knowing the phenotype once signs of early AMD are present.

Genetic risk of the two candidate SNPs were shown for both early and late AMD lesions.
Candidate SNPs from both CFH and ARMS2 have consistently shown stronger associations
with both exudative AMD and GA than with signs of early AMD.1–5,10–16,18–22,49–51,53–67

Our results are consistent with cross-sectional findings from the Blue Mountains Eye Study,
the Rotterdam Study and the ALIENOR study where persons who were homozygous for the
CFH variant had increased odds ranging from 1.2 to 2.4 for early AMD compared to no
AMD.54,55,64 In addition, in the Rotterdam Study, the association became stronger with
increasing severity of early AMD. Our results are also consistent with findings of Yu and
colleagues,2 who used a similar MSM in data from 2560 patients without late AMD in the
Age-Related Eye Disease Study and found that CFH and ARMS2 were related to the
development of large size drusen but not intermediate sized drusen (≥63 to <125 μm in
diameter). They did not examine the relation of these genes to pigmentary abnormalities.

The reason for the weaker relation of genetic risk to early than to late AMD is not
understood. Delcourt and colleagues54 speculated that the weaker odds of approximately 2
found between those homozygous for the C allele of the CFH Y402H polymorphism and
early AMD compared to odds of 16–23 for late AMD may be due to lesions considered to be
specific for early AMD really being a heterogeneous group of abnormalities, some of which
actually bear a very low risk of developing late AMD. Another possibility is that
environmental factors may have more impact on the lesions now considered to be
characteristic of early AMD compared to late AMD.

The biological mechanisms of the CFH gene in the pathogenesis of AMD have been well
described, and include changes in CFH protein levels that lead to alterations in the
regulation of complement activation in response to inflammation. CFH also affects the
metabolism of lipids such as malondialdehyde that accumulate in response to oxidative
stress and are thought to contribute to RPE cell death.68 The role of ARMS2 is also
uncertain. It may work through different mechanisms, eg, stabilization of the extracellular
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matrix in Bruch’s membrane and in protecting against oxidative stress.69–71 Smailhodzic
and colleagues72 reported complement deregulation to be associated not only with CFH
high-risk alleles but also with ARMS2 high-risk alleles, suggesting that ARMS2 may also
be involved in the activation of the complement system. We did not find an interaction
between CFH and ARMS2 and incident early AMD (Klein R, unpublished data), and we
were underpowered to examine such an interaction for late AMD.

In the analyses presented in this paper we used the MSM model, which permits staged
modeling of AMD progression 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 isolation. It uses a biological meaningful time scale (participant age)
rather than an artificial time scale (time of study) and incorporates time-varying covariates
by updating covariate values at observation times. The MSM accounts for the correlation
between past outcomes and future outcomes by conditioning on the current state (the
Markov assumption). That is, a subject’s AMD state at the next scheduled visit given the
current AMD state is assumed to be independent of the past history of AMD. This
assumption is fairly standard in survival analysis applications (it is a key assumption for the
Cox regression model). A key advantage of the MSM model over the Cox model is the
ability to more fully use the available information on AMD progression over time. The
primary disadvantage of the MSM model is computational complexity; the assumptions
underlying the MSM model are either the same or less restrictive than the alternatives.

Caution should be observed in interpreting our data. First, we only used SNPs from 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 influenced our findings. Second, because the
study population is racially/ethnically homogeneous (99.6% white), this limits our
inferences to whites. Third, power to examine relationships for some infrequent endpoints
(eg, reticular drusen, geographic atrophy, exudative AMD) was limited, as well as our
ability to assess the possibility of gene×gene and gene×age interactions. Mortality may limit
the interpretation of associations due to selective survival. On the other hand, the BDES has
many strengths, including repeated examinations over a 20-year period using standardized
detailed procedures for obtaining stereoscopic color fundus photographs of the macula, and
an objective system for grading those photographs for AMD phenotypes.

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

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Estimated cumulative incidence of age related macular degeneration (AMD) by genetic risk
and age (assuming no AMD at the starting age) in the Beaver Dam Eye Study, 1988–2010.
Rows are ordered by increasing starting age from top to bottom (age 45 and 65 years) and
columns are ordered by increasing genetic risk from left to right (low, intermediate, high).
For example, Panel A shows the cumulative incidence of AMD in individuals assuming no
AMD at age 45 and low genetic risk and Panel E shows the cumulative incidence of AMD
in individuals assuming no AMD at age 65 and intermediate genetic risk. Numbers to right
of lines indicate AMD severity level on the Beaver Dam AMD Severity Scale.
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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, Panel A shows the cumulative incidence of
AMD levels 20–50 for an individual whose AMD level is 10 at age 45 and low genetic risk
and Panel I shows the cumulative incidence of AMD levels 40 and 50 for an individual who
had AMD level 30 age age 45 and high genetic risk. Numbers to right of lines indicate level
on the Beaver Dam AMD Severity Scale.
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Figure 3.
Estimated cumulative incidence by genetic risk level (increasing left [low] to right [high]) of
A. intermediate and large size drusen in individuals with no or small drusen at age 45 years;
B. hard distinct, soft distinct, and soft indistinct/reticular drusen in individuals with no or
hard indistinct drusen at age 45 years; and C. increased retinal pigment, retinal pigment
epithelial depigmentation, and pure geographic atrophy in individuals with no pigmentary
abnormalities at age 45 years.
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Figure 4.
Area under the receiver operating characteristic curves (AUCs) for various models of
progression from no or early age-related macular degeneration (AMD) to late AMD over a
5-year interval in the Beaver Dam Eye Study, 1988–2010. ARMS2, age-related
maculopathy susceptibility 2; CFH, complement factor H; TR, traditional risk.
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