Genetics

Progression Rate From Intermediate to Advanced AgeRelated Macular Degeneration Is Correlated With the
Number of Risk Alleles at the CFH Locus
Rebecca J. Sardell,1 Patrice J. Persad,1 Samuel S. Pan,1 Patrice Whitehead,1 Larry D. Adams,1
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PURPOSE. Progression rate of age-related macular degeneration (AMD) varies substantially, yet
its association with genetic variation has not been widely examined.
METHODS. We tested whether progression rate from intermediate AMD to geographic atrophy
(GA) or choroidal neovascularization (CNV) was correlated with genotype at seven single
nucleotide polymorphisms (SNPs) in the four genes most strongly associated with risk of
advanced AMD. Cox proportional hazards survival models examined the association between
progression time and SNP genotype while adjusting for age and sex and accounting for
variable follow-up time, right censored data, and repeated measures (left and right eyes).
RESULTS. Progression rate varied with the number of risk alleles at the CFH:rs10737680 but not
the CFH:rs1061170 (Y402H) SNP; individuals with two risk alleles progressed faster than
those with one allele (hazard ratio [HR] ¼ 1.61, 95% confidence interval [CI] ¼ 1.08–2.40, P
< 0.02, n ¼ 547 eyes), although this was not significant after Bonferroni correction. This
signal was likely driven by an association at the correlated protective variant, CFH:rs6677604,
which tags the CFHR1-3 deletion; individuals with at least one protective allele progressed
more slowly. Considering GA and CNV separately showed that the effect of CFH:rs10737680
was stronger for progression to CNV.
CONCLUSIONS. Results support previous findings that AMD progression rate is influenced by
CFH, and suggest that variants within CFH may have different effects on risk versus
progression. However, since CFH:rs10737680 was not significant after Bonferroni correction
and explained only a relatively small portion of variation in progression rate beyond that
explained by age, we suggest that additional factors contribute to progression.
Keywords: age-related macular degeneration (AMD), genetics, progression

ge-related macular degeneration (AMD) is a major cause of
visual loss in older adults.1 This complex neurodegenerative eye disease encompasses a wide range of phenotypic traits,
although stages of the disease are often broadly defined as early,
intermediate, and advanced AMD.2 Progression through early
and intermediate stages is generally characterized by expansion
in size and number of extracellular deposits (drusen) and
changes to pigmentation of the retinal pigment epithelium
(RPE), until in advanced stages there is either extensive RPE cell
atrophy in nonneovascular AMD (geographic atrophy, GA) and/
or abnormal blood vessel growth under the retina in
neovascular AMD (choroidal neovascularization, CNV).3 Despite substantial phenotypic heterogeneity, most studies of the
genetic epidemiology of AMD have focused on predicting risk
of advanced disease by comparing advanced cases with
controls, rather than risk of early or intermediate stages of
the disease or disease progression.2
Advanced AMD is highly heritable, with an estimated 70% of
variance in disease risk attributed to genetic variation.4

A

Accordingly, numerous genetic variants associated with risk of
advanced AMD have been identified, including common single
nucleotide variants (SNVs) of large effect in the complement
factor H (CFH),5–9 complement component 2/factor B (C2/
CFB),10,11 complement component 3 (C3),12,13 and age-related
maculopathy susceptibility 2 (ARMS2)/HtrA serine peptidase 1
(HTRA1) regions.14–16 The International AMD Genetics Consortium identified 19 independently associated common risk
variants by genome-wide meta-analysis of >70,000 cases and
controls,17 and most recently, a total of 52 variants associated
with risk of advanced AMD in an exome-chip analysis of
common and rare variation.18 Demographic and environmental
risk factors for advanced AMD have also been identified,
including increased age, smoking, body mass index (BMI), and
diet.19,20
Known risk factors predict the presence or absence of
advanced AMD in cross-sectional cohorts of cases and controls
relatively well compared to other complex diseases.2,18
Whether the same or additional genetic factors also predict
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TABLE 1. Details of the Seven AMD Risk Variants Tested for Association With Progression Rate From Intermediate to Advanced AMD
Gene

Rs ID

Strand Orientation

AMD Risk/Alternative Allele

Risk Allele Frequency

N Subjects by Genotype

ARMS2
CFH

rs10490924
rs10737680
rs1061170
rs429608
rs9332739
rs641153
rs2230199

Positive
Positive
Positive
Positive
Positive
Positive
Positive

T/G
A/C
C/T
G/A*
G/C*
G/A*
C/G

0.34
0.78
0.56
0.92
0.98
0.96
0.26

53/150/169
229/123/20
121/173/75
316/52/4
355/13/1
337/31/1
30/135/207

C2
CFB
C3

Rs ID, reference SNP ID.
* Alternate allele has a protective effect on risk.

progression from early-/intermediate- to late-stage disease has
not been extensively tested. However, rates of disease
progression are highly variable; while some individuals
progress quickly to late-stage AMD, others progress slowly
over many years, or never progress to advanced disease21 at all.
Establishing the genetic basis of progression to advanced
disease will increase our understanding of the underlying
disease process and potentially identify novel targets for drug
design. Understanding of the genetic etiology of AMD
progression will also allow individuals at risk of rapid
progression to be identified, enabling monitoring and treatment strategies to be improved.
Previous studies found that progression of AMD grade was
associated with variants in the CFH, 2 2 – 2 9 ARMS2/
HTRA1, 22–24,26,28,30 C2/CFB, 23,24,26,28,31 C3, 23,24,26,28,31
APOE,32 LIPC and ABCA1,26 and COL8A1 and RAD51B
genes.33 Advanced age, smoking history, education level,
BMI, and antioxidant use have also been associated with
AMD progression.23,24,28,34,35 However, only some of these
studies considered time to progression22–26,28,33 rather than
simply testing whether or not progression occurred over a
single fixed time period. Furthermore, many of these studies
used the AREDS dataset22–24,26,28,31,33; replication of previous
findings in additional cohorts with time-to-event data has been
limited. Additional replication is therefore necessary.
We used longitudinal data to test for variation in progression
rate from intermediate to advanced AMD and genotype at
seven variants in the four genes most strongly associated with
risk of advanced AMD,18 accounting for age, sex, variable
follow-up time, and variation between left and right eyes
within individuals. We thereby tested whether previous
findings were replicated in an independent cohort.

METHODS
Participants and Phenotype
Subjects of European ancestry were recruited from the
Vanderbilt Eye Institute (VEI) and the University of Miami
Bascom Palmer Eye Institute (BPEI). Consent was obtained
from all participants, all procedures conformed to the
Declaration of Helsinki, and research was carried out under
protocols approved by the Institutional Review Boards at each
institution. All participants were examined by a retina
specialist using slit-lamp biomicroscopy and dilated fundus
examination. Fundus images were graded using the modified
Age-Related Eye Disease Study (AREDS) scale (Clinical AgeRelated Maculopathy Scaling, CARMS) where grade 1 corresponds to unaffected controls, grade 2 to early AMD, grade 3 to
intermediate AMD, grade 4 to GA, and grade 5 to CNV.3,20,36
Patients were reexamined approximately every 6 to 12 months
based on standard clinical care. Data were also collected
retrospectively to expand the time span of monitored cases.
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Follow-up time ranged from 1 month to 13 years. Progression
of an eye was defined as a change from grade 3 (intermediate
AMD) to either grade 4 (GA) or 5 (CNV), and progression time
as the number of months from the first grade 3 exam to the
first grade 4 or grade 5 exam. Nonprogressing eyes were
defined as those that remained a grade 3 by the most recent
exam. A total of 577 eyes (392 individuals) met criteria for
inclusion in our progression study (at least one grade 3 exam
and at least one follow-up exam).

Variant Selection
Seven variants associated with risk of advanced AMD were
evaluated for their effect on progression rate (Table 1). We
tested the four common SNVs that were most strongly
associated with risk of advanced AMD (largest odds ratios) in
a large meta-analysis of >17,000 cases and >60,000 controls17,18: rs10490924 in the ARMS2/HTRA1 region of chromosome 10, rs10737680 in the CFH region on chromosome 1,
rs429608 in C2/CFB/SKIV2L on chromosome 6, and
rs2230199 in C3 on chromosome 19. We also tested the three
additional variants in these regions that were tested for effects
on AMD progression previously,24,25,30,31 thereby allowing
comparison between studies: the independently associated
nonsynonymous CFH:rs1061170 (Y402H) polymorphism and
two protective variants in the C2-CFB region (C2:rs9332739
and CFB:rs641153), which are usually considered to be the
primary causal variants associated with risk of advanced AMD
in these regions.7,10,11

DNA Extraction and Genotyping
A total of 392 individuals were genotyped at ARMS2:rs10490924,
CFH:rs10737680, C2:r s429608, C2:rs9332739, and
C3:rs2230199 by at least one of three methods: (1) a 19 SNV
Sequenom MassARRAY (Sequenom, Inc., San Diego, CA, USA) (n
¼ 210 individuals); (2) HumanCoreExome chip genotyping
(Illumina, San Diego, CA, USA) (n ¼ 257 samples genotyped
using a custom-modified Illumina HumanCoreExome chip as part
of 50,000 individuals genotyped at the Center for Inherited
Disease Research (CIDR) by the International AMD Gene
Consortium, IAMDGC,18 and n ¼ 127 samples genotyped at the
University of Miami); and (3) Taqman (Applied Biosystems,
Foster City, CA, USA) (n ¼ 32). All SNVs had call rates > 98%.
Genotypes at the CFH:rs1061170 and CFB:rs641153 single
nucleotide polymorphisms (SNPs) were imputed from the
exome-chip data using the 1000 Genomes reference panel,37
SHAPEIT for phasing,38 and IMPUTE2 for imputation39; both
variants were imputed with info quality scores > 0.99.
Samples genotyped on multiple platforms were checked for
concordance and excluded if mismatches occurred at any SNP.
Analyses were restricted to unrelated individuals of (selfreported) European ancestry since the allele frequency of
genetic risk variants varies with ethnicity. Ethnicity of samples
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with exome-chip data was confirmed using Eigenstrat40; any
samples that did not cluster with individuals of Northern
European ancestry from the 1000 Genomes database (CEU
population) were excluded. In total, 20 individuals were
excluded from analyses, leaving a final sample of 372
genotyped individuals (547 eyes); 14 individuals did not cluster
with the CEU population, 2 showed mismatches between
genotyping platforms, and 4 showed a mismatch between Xchromosome homozygosity in PLINK41 and recorded sex.

Statistical Analysis
Cox proportional hazards regression models were used to test
whether progression rate from intermediate to advanced AMD
varied with genotype at each of seven SNPs. Models were fit
using the coxph function in the R-package Survival, version
2.38.42 Cox proportional hazards models assess the time it
takes for an event (here, progression) to occur, and whether
this is associated with covariates. The response variable was
coded as a two-column vector of ‘‘survival’’ time that consisted
of (a) follow-up time in months from the first grade 3 exam to
either the exam at which progression was recorded, or the
most recent exam, and (b) whether or not an eye had
progressed by that time. The use of Cox proportional hazards
models allowed both variable follow-up time and right
censoring of data in instances in which an eye had not
progressed by the most recent exam to be accounted for. Any
correlation in progression rate across contralateral eyes43 was
taken into account using the generalized estimating equations
(GEE) function available for the Cox proportional hazards
model by including a cluster (repeated measures) term for
individual ID that averaged the response (progression rate)
across an individual’s two eyes.44 Hazard ratios (HR) (and 95%
confidence intervals [CI]) are reported for each predictor and
measure the ratio of progression times per unit change.
Genotype at each SNP was coded as a three-level factor
corresponding to zero, one, or two risk alleles (homozygous
reference, heterozygous or homozygous for the risk allele). For
imputed variants, all Y402H genotypes and the majority of the
rs641153 genotypes (except for three) were imputed with
100% probability, and were therefore also treated as three-level
factors in analyses (the three genotypes in dosage format were
hard-called as the most likely genotype). For SNPs for which
the sample size of individuals with a particular genotype was
less than 5, we pooled genotype groups to create two-level
factors; for C2:rs429608, C2:rs9332739, and CFB:rs641153 we
therefore we pooled individuals with zero risk alleles with
those that carried one risk allele (Table 1). For three-level
factors, the model reference level was initially set to zero risk
alleles, allowing the contrast in progression between subjects
with one or two versus no risk alleles to be estimated. Models
were then releveled to set individuals with one risk allele as the
reference level to allow contrasts between individuals with
two versus one risk allele to be estimated. We also tested an
additive disease model by treating genotype as a covariate;
however, results were qualitatively similar (data not presented). Models controlled for variation in progression rate due to
age (at first grade 3 exam) and sex by including these variables
as main effects. Initially, we also adjusted models for
ascertainment site (Miami or Vanderbilt). However, progression rate did not vary between sites, and results were
quantitatively similar with and without this term in the model;
we therefore excluded this term from the final models
presented here. We confirmed that data met the proportional
hazards assumption by testing the correlation between model
residuals and time. Hazard ratios and 95% CI were calculated.
Survival curves of the predicted progression rate for individuals
of each genotype were plotted using the survfit function in the
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Survival package. Initially, separate models were run for each
SNV (including both age and sex), followed by a model
including all seven variants. We also ran separate models for
progression to GA and to CNV only where progression to GA
analyses included eyes that had not progressed by the most
recent exam and those that progressed from grade 3 to grade 4,
while progression to CNV analyses included eyes that had not
progressed by the most recent exam and eyes that progressed
directly from grade 3 to grade 5. To estimate the predictive
power of our final model we calculated area under the receiver
operating characteristic (ROC) curves (AUC) at yearly followup time points (1–5 years) using the R-package survivalROC45
and compared this to the AUC for models without genotype
(including age and sex only). We conducted a power analysis
using the R-package survSNP.46 All analyses were run in R
version 3.0.1, available at https://www.r-project.org/.47

RESULTS
A total of 547 eyes (255 right eyes and 292 left eyes) from 372
individuals (159 males and 213 females) were available for
analysis, of which 167 eyes from 137 individuals progressed
over the study period (72 to grade 4 and 95 to grade 5) with a
mean progression time of 32.2 (625.2) months (range, 1–138
months). Age at first grade 3 exam ranged from 53 to 95 years
(mean age per eye ¼ 76.3 6 7.6). Individuals with two risk
alleles at CFH:rs10737680 progressed at a significantly faster
rate than those with one allele (HR ¼ 1.61, 95% CI ¼ 1.08–2.40,
P ¼ 0.02; Table 2; Fig. 1a), although this was not significant
after Bonferroni correction for multiple tests (n ¼ 7). There
was no significant difference in progression rate between
individuals with no CFH:rs10737680 risk alleles and either one
or two risk alleles, but the sample size of individuals with no
CFH:rs10737680 risk alleles was small (n ¼ 31 eyes/20
individuals; Tables 1, 2; Supplementary Table S1). Concordance
of the Cox proportional hazards model including CFH, sex, and
age was 0.65 (6SE 0.03). Time-dependent ROC curves
estimated that the AUC at 3 years (mean follow-up time in
our dataset) for a model including age, sex, and
CFH:rs10737680 was slightly higher (0.67; AUC range, 0.67–
0.71 for 1–5 year follow-up time) compared to a model
accounting for age and sex only (AUC ¼ 0.64; range, 0.64–0.67;
Fig. 2). Since the CFH:rs10737680 variant is correlated with
two distinct protective haplotypes, CFH:p.I62V that is tagged
by CFH:rs800292, and the CFHR1-3 deletion tagged by
CFH:rs6677604, we further evaluated the signal at this position
by testing progression rate with respect to these two
(uncorrelated) SNPs that were available in our imputed dataset.
Individuals with two risk alleles (no protective alleles) at
CFH:rs6677604 (n ¼ 288) progressed significantly faster than
those with fewer than two risk alleles (one or two protective
alleles, n ¼ 81; HR ¼ 1.81, 95% CI ¼ 1.11–2.94, P ¼ 0.02; Fig.
1b) where individuals with one or two protective alleles were
pooled due to small sample size (n ¼ 5 and 76, respectively).
There was no association between progression rate and
genotype at the rs800292 SNP (HR ¼ 0.95, 95% CI ¼ 0.61–
1.47, P ¼ 0.81).
The number of risk alleles at the ARMS2:rs10490924,
CFH:rs1061170, C2:rs429608, C2:rs9332739, CFB:rs641153,
and C3:rs2230199 SNPs did not significantly predict progression rate in our dataset (Table 2; Supplementary Fig. S1). Older
individuals had significantly higher HR and therefore progressed at a faster rate (HR ¼ 1.05–1.06 corresponding to a 1year change in age, 95% CI ¼ 1.03–1.08, P < 0.001; Table 2).
Progression rate did not vary with sex (Table 2). A model
including all seven variants produced quantitatively similar
results to models run for each variant separately (Supplemen-
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TABLE 2. Regression Coefficients and Hazard Ratios (HR) From Cox Proportional Hazards Models Testing Whether Progression Rate From
Intermediate to Advanced (Grade 4 or 5) Varied With Genotype at 7 Variants Associated With Risk of Advanced AMD After Controlling for Variation
Due to Age and Sex
Model

Variable

Coef

SE, Coef

ARMS2 rs10490924

Age
Sex, M
GT
TT
TT vs. GT
Age
Sex, M
CA
AA
AA vs. CA
Age
Sex, M
TC
CC
CC vs. TC
Age
Sex, M
GG
Age
Sex, M
GG
Age
Sex, M
GG
Age
Sex, M
GC
CC
CC vs. GC

0.05
0.03
0.14
0.10
0.15
0.06
0.00
0.60
0.12
0.48
0.05
0.02
0.12
0.22
0.10
0.05
0.02
0.02
0.05
0.02
0.52
0.05
0.01
0.36
0.05
0.00
0.01
0.41
0.42

0.01
0.16
0.17
0.26
0.17
0.01
0.16
0.37
0.35
0.18
0.01
0.16
0.22
0.23
0.18
0.01
0.16
0.23
0.01
0.16
0.51
0.01
0.16
0.26
0.01
0.16
0.16
0.30
0.31

CFH rs10737680

CFH rs1061170

C2 rs429608

C2 rs9332739

CFB rs641153

C3 rs2230199

HR (95% CI)
1.05
0.97
1.15
0.99
0.87
1.06
1.00
0.55
0.89
1.61
1.06
0.98
1.13
1.25
1.11
1.06
0.98
1.02
1.06
0.98
1.67
1.05
0.99
0.70
1.05
1.00
1.01
0.66
0.66

(1.03–1.08)
(0.68–1.40)
(0.81–1.64)
(0.52–1.89)
(0.61–1.24)
(1.03–1.08)
(0.69–1.44)
(0.22–1.37)
(0.37–2.12)
(1.08–2.40)
(1.03–1.08)
(0.68–1.40)
(0.70–1.82)
(0.76–2.06)
(0.76–1.63)
(1.03–1.08)
(0.68–1.40)
(0.65–1.60)
(1.03–1.08)
(0.68–1.41)
(0.75–3.81)
(1.03–1.08)
(0.69–1.41)
(0.39–1.25)
(1.03–1.08)
(0.69–1.44)
(0.71–1.45)
(0.33–1.33)
(0.32–1.33)

P Value
<0.001
0.881
0.438
0.970
0.438
<0.001
0.999
0.197
0.787
0.018
<0.001
0.894
0.622
0.376
0.592
<0.001
0.898
0.934
<0.001
0.922
0.210
<0.001
0.943
0.223
<0.001
0.997
0.956
0.249
0.245

Contrasts from the intercept (females with 0 risk alleles) are reported. Models were releveled to give contrasts between 2 and 1 risk alleles
(shown in italic). Statistically significant variables are shown in bold.

FIGURE 1. Survival curves for progression to advanced AMD (GA or CNV) and genotype at two associated variants in the CFH locus. Survival curves
showing the predicted progression rate from intermediate (grade 3) to advanced (grade 4 or 5) AMD with respect to the number of risk alleles at (a)
nominally significant CFH:rs10737680 (P ¼ 0.02, unadjusted for multiple testing), and (b) the associated SNP CFH:rs6677604 (P ¼ 0.02), for females
67 years of age.
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FIGURE 2. Receiver operating characteristic curve. Receiver operating
characteristic curves of the true-positive rate (sensitivity) versus falsepositive rate (1  specificity) showing the ability of a model including
age, sex, and number of CFH:rs10737680 risk alleles (solid line), and a
model including age and sex only (dashed line), to distinguish between
eyes that progressed to advanced AMD and those that did not progress
at 3-year follow-up. The closer to the left and top borders the line is,
the better the model performs in distinguishing between progressors
and nonprogressors. Areas under the curve were 0.67 (age, sex, and
CFH:rs10737680 genotype) and 0.64 (age and sex only), respectively.

tary Table S2). When separate models were run for progression
to GA (grade 4) and progression to CNV (grade 5), the number
of risk alleles at CFH:rs10737680 was significant only for
predicting progression rate to CNV (two versus one allele: HR
¼ 1.83, 95% CI ¼ 1.09–3.05, P ¼ 0.02; Table 3; Fig. 3; n ¼ 452
eyes), not for progression to GA, although the effect was in
the same direction (HR ¼ 1.56, 95% CI ¼ 0.85–2.85, P ¼ 0.15;
Table 3; n ¼ 475 eyes). Hazard ratios for the other six variants
were similar for both models of progression to GA and to CNV
(Table 3). When separate GA and CNV models were run for
CFH:rs6677604, results were similar to those for
CFH:rs10737680. For progression to CNV, individuals with
two risk alleles (no protective alleles) progressed faster than
those with one or more protective alleles (HR ¼ 2.46, 95% CI
¼ 1.22–4.93, P ¼ 0.01), while for progression to GA there was
no significant association with genotype, although results
tended to be in the same direction (HR ¼ 1.49, 95% CI ¼ 0.76–
2.90, P ¼ 0.24). Similar results were found when we tested the
effect of CFH on progression to CNV by excluding grade 5
eyes that showed concomitant GA (n ¼ 7; results not
presented).
Power analyses estimated that we had at least 80% power to
detect HR from 1.5 to 2 given a range of risk allele frequencies
(0.3–0.6 and 0.1–0.8, respectively) assuming an event error
rate of 0.31, sample size of 372 individuals, and median time to
progression of 25 months.

DISCUSSION
We tested whether progression rate from intermediate (nonneovascular) AMD to advanced AMD (GA or CNV) varied with
genotype at seven variants in four gene regions strongly
associated with risk of advanced AMD. We demonstrate that,
after adjusting for age, individuals with two copies of the
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CFH:rs10737680 risk allele progressed faster than those with
one copy. Although this association was of moderate effect size
(HR ¼ 1.6) and remained when genotypes at the other six SNPs
were included in the model, the term was not significant after
Bonferroni correction for multiple tests. Furthermore, the
inclusion of CFH genotype did not substantially increase the
predictive power of a model (AUC) that already included age at
exam. However, despite nominal significance, these results do
replicate an association between progression and the
CFH:rs10737680 SNP in published work on the AREDS dataset
(where AMD grades were reclassified using the CARMS grading
system) in which progression rate from early/intermediate to
advanced AMD was higher for individuals with one or two
copies of the CFH:rs1410996 variant (a 100% proxy for
rs10737680) than for those with no copies of the risk
allele.24,33 By contrast, in our study, individuals with no
rs10737680 risk alleles had a progression rate similar to those
with two risk alleles. However, because the CFH risk allele
occurs at high allele frequency, especially in a cohort of
individuals with AMD, our sample of individuals with no copies
of the CFH risk allele was relatively small (20 individuals),
potentially preventing a robust estimate of progression for this
group.
The CFH region consists of many highly correlated variants
in linkage disequilibrium, and signals can be challenging to
separate.48,49 However, secondary analyses suggested that
association between progression rate and CFH:rs10737680
was driven primarily by an effect of the deletion CFHR3/
CFHR1 tagged by CFH:rs6677604. This SNP has a protective
effect on AMD risk, where the minor allele (A) increases the
expression of CFH levels, protecting against risk of developing
AMD.50,51 Our analyses suggested that this variant also has an
impact on time to progression since individuals with two risk
alleles (no protective alleles) progressed faster than those with
fewer than two risk alleles (one or two protective alleles).
In contrast to CFH:rs10737680, we did not find an
association between progression rate and the CFH:rs1061170
(Y402H) variant. Y402H is strongly associated with risk of
advanced AMD5–7 and has also been associated with the
probability of progression in other studies,22,23,29 with the
exception of Farwick et al.30 Y402H was also correlated with
progression rate in time-varying models of the AREDS24,26,28
and Beaver Dam datasets.25 However, in studies that considered the effect of both CFH variants, rs10737680 tended to
have a stronger effect than Y402H on both the probability of
progression to advanced AMD and progression rate, especially
in multivariate models.24,28,29,33,52 Therefore, although the two
SNPs are in linkage disequilibrium (r2 ¼ 0.41/D 0 ¼ 1 in
Northern European samples from the 1000 Genomes dataset),
rs10737680 appears to be the CFH variant most strongly
associated with progression of AMD through its correlation
with CFH:rs667604.
We did not find any evidence that progression rate from
intermediate to advanced AMD varied with genotype at
variants in three other major genes associated with risk of
advanced AMD (ARMS2, C2/CFB, and C3), despite having 80%
power to detect a moderate effect of common variants (HR ¼
1.5–2). We were, however, underpowered to detect a
moderate effect size for rare variants such as C2:rs9332739
and C2:rs641153. By contrast, in the AREDS dataset, progression rate was higher for individuals with at least one copy of
the ARMS2:rs10490924 risk allele and for those with two
versus no copies of the C3:rs2230199 risk allele, while
individuals with at least one copy of either of the protective
variants in the C2/CFB region (rs9332739 and rs641153)
progressed more slowly.24,26,28,33 The probability of progressi on to l ate AMD also var ied wit h genot ype at
ARMS2:rs10490924 but not C3:rs2230199 in the MARS
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TABLE 3. Regression Coefficients and Hazard Ratios (HR) From Cox Proportional Hazards Models Testing Whether Progression Rate From
Intermediate (Grade 3) to Advanced Dry AMD (Grade 4) or Advanced Wet AMD (Grade 5) Varied With Genotype at 7 Variants Associated With Risk
of Advanced AMD
Progression to GA*
Model

Variable

Coef

SE, Coef

ARMS2 rs10490924

Age
Sex, M
GT
TT
TT vs. GT
Age
Sex, M
CA
AA
AA vs. CA
Age
Sex, M
TC
CC
CC vs. TC
Age
Sex, M
GG
Age
Sex, M
GG
Age
Sex, M
GG
Age
Sex, M
CG
CC
CC vs. CG

0.06
0.25
0.04
0.06
0.10
0.06
0.24
0.48
0.04
0.44
0.06
0.24
0.00
0.14
0.15
0.06
0.25
0.39
0.06
0.23
0.12
0.05
0.23
0.16
0.05
0.23
0.18
0.34
0.51

0.02
0.26
0.26
0.39
0.39
0.02
0.26
0.63
0.60
0.27
0.02
0.26
0.33
0.33
0.27
0.02
0.26
0.32
0.02
0.26
0.72
0.02
0.26
0.47
0.02
0.26
0.25
0.45
0.46

CFH rs10737680

CFH rs1061170

C2 rs429608

C2 rs9332739

CFB rs641153

C3 rs2230199

HR (95% CI)
1.06
0.78
1.04
0.94
0.91
1.06
0.79
0.62
0.96
1.56
1.06
0.79
1.00
1.16
1.16
1.06
0.78
0.68
1.06
0.79
1.12
1.06
0.80
0.85
1.06
0.80
1.20
0.72
0.60

(1.02–1.10)
(0.45–1.35)
(0.61–1.77)
(0.37–2.38)
(0.35–2.35)
(1.02–1.10)
(0.44–1.40)
(0.15–2.58)
(0.24–3.76)
(0.85–2.85)
(1.02–1.10)
(0.44–1.41)
(0.49–2.04)
(0.56–2.40)
(0.65–2.05)
(1.02–1.10)
(0.45–1.37)
(0.35–1.31)
(1.02–1.10)
(0.45–1.40)
(0.30–4.24)
(1.02–1.10)
(0.45–1.40)
(0.27–2.67)
(1.02–1.10)
(0.45–1.43)
(0.70–2.05)
(0.29–1.76)
(0.24–1.50)

Progression to CNV†
P Value

Coef

SE, Coef

0.003
0.368
0.882
0.904
0.841
0.003
0.416
0.508
0.952
0.152
0.003
0.417
0.997
0.699
0.617
0.002
0.391
0.248
0.003
0.423
0.863
0.003
0.429
0.785
0.005
0.446
0.516
0.465
0.272

0.05
0.08
0.23
0.09
0.15
0.05
0.13
0.73
0.13
0.60
0.05
0.09
0.16
0.26
0.10
0.05
0.09
0.35
0.05
0.10
0.78
0.05
0.10
0.43
0.05
0.13
0.04
0.47
0.43

0.02
0.21
0.22
0.34
0.33
0.01
0.21
0.47
0.43
0.25
0.01
0.21
0.29
0.31
0.23
0.01
0.21
0.34
0.01
0.21
0.72
0.01
0.21
0.32
0.01
0.21
0.22
0.41
0.42

HR (95% CI)
1.05
1.08
1.27
1.09
0.86
1.06
1.14
0.48
0.88
1.83
1.05
1.09
1.18
1.29
1.10
1.05
1.10
1.42
1.05
1.10
2.19
1.05
1.10
0.65
1.05
1.13
0.96
0.62
0.65

(1.02–1.08)
(0.68–1.72)
(0.76–2.06)
(0.49–2.44)
(0.40–1.85)
(1.03–1.09)
(0.72–1.80)
(0.19–1.24)
(0.37–2.12)
(1.09–3.05)
(1.02–1.08)
(0.69–1.73)
(0.66–2.10)
(0.69–2.43)
(0.65–1.86)
(1.02–1.08)
(0.69–1.74)
(0.73–2.75)
(1.02–1.08)
(0.70–1.74)
(0.66–7.27)
(1.02–1.08)
(0.70–1.74)
(0.34–1.25)
(1.02–1.08)
(0.72–1.80)
(0.60–1.54)
(0.24–1.60)
(0.25–1.70)

P Value
0.002
0.732
0.393
0.830
0.706
<0.001
0.571
0.131
0.779
0.022
0.004
0.704
0.587
0.424
0.720
<0.001
0.690
0.304
<0.001
0.682
0.200
<0.001
0.670
0.196
0.001
0.594
0.866
0.328
0.381

Contrasts from the intercept (females with 0 risk alleles) are reported. Models were releveled to give contrasts between 2 and 1 risk alleles
(shown in italic). Statistically significant variables are shown in bold.
* Advanced dry AMD (grade 4).
† Advanced wet AMD (grade 5).

FIGURE 3. Survival curves for GA and CNV. Survival curves showing the progression rate from intermediate (grade 3) to (a) GA (grade 4) AMD and
(b) CNV (grade 5) AMD with respect to the number of risk alleles at CFH:rs10737680 for females of mean age (67 years of age).
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(Münster Ageing and Retina Study) cohort,30 and with
genotype at ARMS2:rs1049092, C3:rs2230199, and
C2:rs9332739 in the AREDS data.23,31 Variation in findings
between studies may reflect differing sample size and hence
power, additional covariates, and/or differing analytical methods. Here we tested time to progression using survival models,
rather than the probability of progression over a fixed time
period. We also included both left and right eyes for each
individual rather than including only the more severely
affected eye, allowing us to average the progression rate of
eyes within individuals, thereby accounting for individual-level
variation. Additionally, we included only eyes that were grade 3
at baseline to minimize variation in the dataset, whereas some
studies also included eyes that were grade 1 or 2 at baseline
while controlling for baseline AMD status,24 and therefore
encompassed progression from early to late AMD. Finally, some
studies included additional covariates such as drusen size,
smoking history, and BMI, which may alter the predictive
power of genetic variants.
Similarly to what was seen in previous studies of both AMD
disease risk and progression, we found a strong and significant
effect of age2,24; older individuals progressed more rapidly to
advanced AMD. However, because we did not know how long
an eye had intermediate AMD before the first grade 3 exam, the
effect of age encompasses an effect of disease duration. Older
individuals may be more likely to have intermediate AMD for
longer prior to their first grade 3 exam than younger
individuals. Monitoring an individual’s progression from
unaffected control or grade 2 to an advanced case is necessary
to fully determine the effect of age on AMD progression rate.
Unlike risk of advanced AMD, which tends to be higher for
females, AMD progression rate did not vary with sex as in
several other studies.22,24,26
Considering progression to advanced AMD subtypes GA
and CNV separately, the effect of CFH:rs10737680 was
stronger and statistically significant only for predicting
progression rate to CNV (HR ¼ 1.83, P ¼ 0.02 before Bonferroni
correction). However, HR suggested that the effect was in a
similar direction for progression to GA (HR ¼ 1.56, P ¼ 0.15;
Table 3), and sample size of individuals who progressed to GA
was slightly smaller (Supplementary Table S1). Similarly, when
we considered the closely associated CFHR1-3 deletion-tagging
SNP CFH:rs6677604, we found a similar effect to rs10737680,
with a stronger association with progression to CNV compared
to GA (see Results).
We found no difference in the effect of the other six
variants on progression to either GA or CNV. A stronger effect
of the rs10737680 proxy, rs1410996, on progression rate to
CNV compared to GA was also found in the AREDS dataset,
whereas two other CFH variants (Y402H and rs121913059)
showed more similar effects on progression to either AMD
form.26,33 However, in a separate study using the AREDS
dataset, the two CFH variants (Y402H and rs2274700, a 100%
proxy for rs10737680) showed similar effects on progression
to GA and CNV in univariate analyses.28 Differences in genetic
association between advanced AMD subtypes, including the
variants tested here, have been reported for disease risk in
case–control datasets, although overall there is high genetic
correlation between the two subtypes.18 However, CFH
variants are usually more strongly associated with increased
risk of GA, and ARMS2 variants with CNV,17,18,53,54 whereas we
found a stronger effect of CFH on progression to CNV.
Nevertheless, growth rate of GA was correlated with genotype
at the ARMS2 SNP in two studies,55,56 but not at the CFH
(Y402H) SNP,55–57 although Caire et al.58 did not find evidence
that GA growth rate was associated with variants in either
locus. Overall, our results and previous work suggest that the
CFH gene may be responsible for a slightly different AMD
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disease process than ARMS2,2,18 and that different variants may
have different effects on risk versus progression. Factors that
predict the incidence of advanced AMD may overlap more
closely with those that predict whether or not progression to
advanced AMD occurs, rather than progression rate.
This study replicated previous findings that rate of
progression to advanced AMD is correlated with genotype at
a common CFH variant, and that this association tended to be
stronger for progression to CNV than to GA. This information
may be used to identify individuals who are at increased risk of
progressing quickly, thereby potentially improving monitoring
and treatment. However, the effect of CFH on progression rate
did not remain significant after correction for multiple tests,
and its predictive power was not strong. Testing of association
with other variants (both known and novel) and environmental
factors such as smoking history and diet is important to
accurately predict progression risk and to identify novel targets
for drug development.
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