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Abstract

• PURPOSE: To determine if a family history of age-related macular degeneration (AMD) and 

genetic variants identify eyes at higher risk for progression to advanced AMD (AAMD), after 

controlling for baseline demographics, behavioral factors, and macular status.

• DESIGN: Prospective, longitudinal cohort study.

• METHODS: Eyes were classified using the Age-Related Eye Disease Study severity scale. Non-

genetic and genetic predictors for progression to AAMD, geographic atrophy, and neovascular 

disease were evaluated. Cox proportional hazards models using the eye as the unit of analysis 

were used to calculate hazard ratios (HRs), accounting for correlated data. Discrimination between 

progressing and non-progressing eyes was assessed using C-statistics and net reclassification 

improvement (NRI).

• RESULTS: Among 4910 eyes, 863 progressed to AAMD over 12 years. Baseline AMD 

severity scale and status of the fellow eye were important predictors; genes provided additional 

discrimination. A family history of AMD also independently predicted progression after 

accounting for genetic and other covariates: 1 family member versus none (HR 1.21 [95% 

confidence interval {CI} 1.02-1.43]; P = 0.03); ≥2 family members versus none (HR 1.55 

[95% CI 1.26-1.90]; P < 0.001). A composite risk score calculated using β estimates of both 
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non-genetic and significant genetic factors predicted progression to AAMD (HR 5.57; 90th vs 

10th percentile; area under the receiver operating characteristic curve [AUC] = 0.92), providing 

superior fit compared with other models, including one with only ocular variables (NRI = 0.34; P 
< 0.001; AUC = 0.87, ΔAUC 0.05 ± 0.005; P < 0.001).

• CONCLUSION: Genetic variants and family history provided additional discrimination 

for predicting progression to AAMD, after accounting for baseline macular status and other 

covariates.

THE PREVALENCE OF AGE-RELATED MACULAR degeneration (AMD), a progressive 

neurodegenerative disease affecting the central part of the retina, is growing as the 

proportion of elderly individuals is growing worldwide.1,2 The visual impact associated 

with early and intermediate stages of AMD can be mild, but some individuals progress 

to advanced stages of the disease with geographic atrophy (GA) or neovascular disease 

(NV), which are major events causing visual impairment and reduced quality of life. 

Identifying subtypes of early disease that pose a higher risk of progression over time to 

the vision-threatening forms of AMD, could lead to earlier intervention, more frequent 

monitoring, and reduced burden of visual loss caused by AMD.3 A set of characteristics 

that discriminates high versus low risk of progression among patients with similar macular 

pathology at baseline could also facilitate selection of subjects for clinical trials and specific 

treatments. Personalized decision making will become increasingly more important as new 

treatments are coming to market and others are under investigation.

Previous models assessing the likelihood of having AMD or progressing to AAMD included 

a variety of parameters, starting with only a few known AMD genes4 followed by models 

that included an increasing number of demographic, baseline ocular, behavioral and genetic 

factors in several biologic pathways.5-16 None to date have assessed the impact of adding 

family history of AMD along with a range of genetic predictors, among eyes with similar 

phenotypic characteristics and fellow eye status assessed using the AMD severity scale.17 

This is important to determine if there is more information that can be derived about the 

risk of progression in eyes that have not yet developed late AMD, beyond observing macular 

signs on clinical examination. In this study, we expand upon previous work and determine 

the independent contributions of family history of AMD and polygenic susceptibility to 

risk of progression to Advanced AMD (AAMD), GA, and NV, adjusting for baseline AMD 

severity and other covariates.

We demonstrate that a composite risk score that includes family history, non-genetic factors, 

and the most predictive genetic variants can separate high and low risk of progression among 

eyes with the same baseline AMD severity group.

METHODS

• STUDY POPULATION:

Data from the Age-Related Eye Disease Study (AREDS), a multicenter randomized clinical 

trial, were used in analyses to develop the models.18 Informed consent was obtained 

from participants. Research adhered to the tenets of the Declaration of Helsinki and was 

performed under approved institutional review board protocols. This trial was registered at 
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clinicaltrials.gov as NCT00594672. Information about demographic factors (age, sex, race, 

education), lifestyle factors (body mass index [BMI], smoking, multivitamin intake) and 

family history of AMD were obtained from questionnaires. Assignment to one of the active 

AREDS treatment groups or the placebo group was also included. Macular characteristics 

and status of fellow eyes were determined from grading of color photographs.17 Genetic 

variables were derived from our previous genotyping and sequencing analyses.2,4,8,11,19-22

• STATISTICAL ANALYSES:

Demographic and behavioral variables considered as potential covariates in analyses of 

incident AAMD were age (55-64, 65-74, or ≥75 years), sex, race (white, non-white), 

education (high school or less, more than high school), BMI (<25, 25-29, or ≥30 kg/m2 ), 

smoking status (never, past, current), AREDS treatment group (either placebo or one of 

the active treatment groups: zinc, antioxidants, and antioxidants plus zinc), and use of 

multivitamins. Ocular variables were AMD severity group (described below) and status of 

the fellow eye at baseline. Family history of AMD and 31 genetic variants confirmed by 

genotyping or sequencing were also considered.2,4,8,11,20-26

All statistical analyses were performed using SAS software (version 9.4). Characteristics 

of eyes that progressed versus eyes that did not progress were compared using univariate 

analyses based on the SAS PROC PHREG procedure with the eye as the unit of analysis, 

adjusting for age and baseline AMD severity group. Progression in an eye was defined as 

transition from no AMD or early or intermediate AMD to AAMD at 2 consecutive visits 

6 months apart.14 A similar definition was used for GA and NV, except that eyes that 

progressed to NV were no longer considered at risk for GA.

We used the Cox proportional hazards model and calculated hazard ratios (HRs) with the 

eye as the unit of analysis to assess progression to advanced AMD. Four models were 

assessed:

• Model 1 included (a) demographic and lifestyle factors including age, race, 

smoking, BMI, AREDS treatment group and multivitamin intake; (b) baseline 

severity scales 1-8 defined based on drusen area and size, and increased pigment 

or depigmentation17 separately by eye, and grouped into 3 categories as group 

1: low risk (scale 1), group 2: medium risk (scales 2-4), and group 3: high risk 

(scales 5-8); (c) baseline AMD status of the fellow eye categorized as advanced 

or non-advanced and (d) family history of AMD classified according to the 

number of parents, siblings, or cousins with AMD, categorized as 0 (for none or 

unsure), 1, or ≥2.

• Model 2 included all variables in Model 1 plus the 2 genetic variants CFH 
Y402H (rs1061170) and ARMS2/HTRA1 (rs10490924) available in some 

commercially available genetic ancestry tests.

• Model 3 included all variables in Model 2 plus genetic variants that were 

significantly related to progression in a stepwise regression model after forcing 

in the variables in model 2 with P = 0.05 to enter and remove genetic variables 

from the model. A composite risk score was calculated as a sum of β coefficients 
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for non-genetic variables and β coefficients multiplied by the number of minor 

alleles present for each significant genetic variant.

• Model 4 included all non-genetic variables from Model 1 plus 31 genetic 

variants related to the prevalence of AMD. The polygenic risk score (PRS) was 

derived based on the 31 genetic variables.

We used the SAS PROC PHREG procedure with the aggregate option using the eye as 

the unit of analysis to control for inter-eye correlation. Time since baseline (quantified by 

the visit number) was used as the time scale for this analysis. An eye was censored either 

because of loss to follow-up, death, or progression to NV. We computed survival curves for 

progression to AAMD according to family history and PRS tertile (based on Model 4) for 

high-risk eyes at baseline (severity scales 5-8), adjusting for all other covariates.

We computed the area under the receiver operating characteristic curve (AUC) and the 

AUCs of different models using previously published methods.13,14 Because differences 

in AUC can be small, we also compared competing models using the net reclassification 

improvement (NRI) measure.13,14,27 Using this measure, 5-year risk of progression was 

grouped into 5 categories as defined previously14: 1) very low (<1%); 2) low (1% - <10%); 

3) medium (10% - <30%); 4) high (30% - <50%); and 5) very high risk (≥50%), and each 

eye was cross-classified according to their risk category in 2 different models.

Cumulative incidence of progression to AAMD at 2, 5, and 10 years after baseline, based 

on the composite risk score in Model 3, was calculated for a representative sample of 24 

eyes, and analyses were adjusted for competing mortality risks using previously published 

methods.13,14 Two-sided tests were used and the alpha level for statistical significance was 

set a priori at P < 0.05.

RESULTS

There were 2672 subjects and 4910 eyes in the analyses: 863 eyes progressed to AAMD 

(among 654 subjects), of which 439 eyes progressed to GA (from 339 subjects) and 

456 eyes progressed to NV (from 389 subjects). Some eyes first progressed to GA and 

subsequently progressed to NV (n = 39 eyes). There were 7 eyes that progressed to GA and 

then progressed to NV at a subsequent visit and therefore met the criteria for progression to 

AAMD but not for GA or NV (which requires 2 consecutive visits with the same outcome). 

The mean age at baseline was 68.8 (± 4.9) years with a range of 55 to 81 years. Subjects 

were followed up to 12 years (median 11 years, IQR 10-11 years).

Characteristics of progressing and non-progressing eyes are shown in Supplemental Table 1. 

In univariate analyses, progressing eyes occurred in individuals who were older, Caucasian, 

had a lower level of education, a higher BMI, and who smoked. No difference was seen 

according to sex. Progressing eyes were much more likely to be in AMD severity group 3 

and less likely to be from severity group 1 than non-progressing eyes. There was a strong 

association between fellow eye status and progression: 29% of progressing eyes and 5% of 

non-progressing eyes had a fellow eye that had AAMD at baseline. They were also more 

likely to have ≥1 family members with a history of AMD. Many genes were associated 
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with a higher risk of AMD progression in univariate analyses: CFH Y402H, the common 

C3 variant R102G, the rare C3 variant K155Q, and ARMS2/HTRA1. Smaller effects were 

seen for NPLOC4/TSPAN10 and HSPH1/B3GALTL. Protective effects were seen for CFH 
rs1410996, CFB R32Q, CTRB1, TIMP3, and RAD51B. A smaller protective effect was seen 

for C2 E318D.

• FACTORS INDEPENDENTLY ASSOCIATED WITH PROGRESSION TO AAMD, GA AND NV:

Table 1 shows multivariate results for factors related to progression to AAMD over 12 years 

for 4 models with different covariates.

Non-genetic factors—Older age at baseline was strongly associated with progression 

in all models. White subjects were at higher risk in all models (HRs 1.7-2.4) compared 

with non-white patients. Sex and education were not significantly related to progression and 

therefore were not included in the multivariate analyses. There was a significant positive 

association for BMI ≥30 kg/m2 versus BMI <25 kg/m2 , with a HR of approximately 1.3 

in all models. Current smoking was associated with higher risk and past smoking had a 

weak nonsignificant trend. Neither multivitamin use nor AREDS supplement intake were 

associated with progression to overall AAMD adjusting for all covariates. Baseline severity 

scale group was strongly related to progression in all models. Subjects with 1 eye with 

AAMD at baseline had more than double the risk of progression compared with having 

bilateral non-AAMD at baseline. A family history of AMD, especially if ≥2 relatives had 

AMD, was positively associated with risk of progression in all models.

Genetic factors—In Table 1, Model 2, the genetic variants CFH Y402H and ARMS2/
HTRA1 were independently associated with progression to AAMD, controlling for other 

factors. In Model 3, strong associations were seen for CFH rs1410996, CFH R1210C, C3 
K155Q, ARMS2/HTRA1, and RAD51B genetic variants. Variants in TGFBR1, ABCA1, 
SLC16A8, TIMP3, and HSPH1/B3GALTL had smaller significant associations with 

progression to AAMD. The CFH Y402H variant was no longer significantly associated 

with progression to overall AAMD, after adjusting for other CFH variants.

Composite risk scores for AAMD, GA, and NV—The composite risk score, which 

included 21 predictors (including 12 genetic variants) was significantly associated with 

progression to AAMD. The HR for the 90th percentile versus the 10th percentile was 

5.57 (95% CI 4.60-6.74). For each unit increase in the score, the HR was 2.68 (95% CI 

2.39-2.98). For tertile 2 versus tertile 1, the HR was 2.73 (95% CI 1.95-3.82) and for tertile 

3 versus tertile 1, the HR was 5.88 (95% CI 4.27-8.08). The composite risk scores were also 

highly related to progression to GA and NV, with similar effect sizes as seen for AAMD 

(see Supplemental Appendix). Some major differences between GA and NV were seen: 1) 

there was a suggestive, nonsignificant protective effect of use of AREDS supplements and 

multivitamin intake on risk of progression to NV but not GA; 2) having a family history of 

AMD was more strongly associated with NV compared with GA; 3) there were 11 genetic 

variants significantly associated with progression to GA and 6 were associated with NV; 4) 

for progression to GA, variants CFH rs1410996 and C3 K155Q had the strongest effects 

(both P < 0.001) and for progression to NV, ARMS2/HTRA1 (HR 1.49), CFH Y402H (HR 
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1.26), and RAD51B (HR 0.75) with P ≤ 0.003 were most highly associated. The AUCs for 

Model 3 for progression over 5 years were 0.94 for AAMD, 0.94 for GA, and 0.93 for NV. 

The AUCs over 12 years were 0.92 for AAMD, 0.90 for GA, and 0.88 for NV.

Polygenic risk score—The PRS based on 31 genetic variants (Table 1, Model 4) was 

associated with progression to AAMD, independent of other risk factors in the model. The 

HRs for PRS tertile 2 versus 1 (HR 1.4 [95% CI 1.1-1.7]) and tertile 3 versus 1 (HR 1.6 

[95% CI 1.3-2.0]) were statistically significantly related to progression even after adjusting 

for baseline AMD severity group and family history of AMD. The HR for the 90th versus 

the 10th percentile of PRS was 1.8 (95% CI 1.5-2.3).

• FAMILY HISTORY OF AMD ASSOCIATED WITH AAMD PROGRESSION:

A family history of AMD was independently associated with progression to overall AAMD 

and progression to GA or NV. Figure 1 shows the association of family history of AMD 

with progression to AAMD outcomes, adjusting for all demographic, behavioral, and genetic 

factors in Model 3. Compared with no family history, the HR for progression to AAMD was 

1.21 (95% CI 1.02-1.43; P = 0.03) for a history of 1 family member affected with AMD and 

was 1.55 (95% CI 1.26-1.90; P < 0.001) for a history of ≥2 relatives affected with AMD. 

Similar results for family history of AMD were seen for GA and NV.

Figure 2 shows the impact of family history of AMD on estimated 5-year cumulative 

incidence (absolute risk) of progression to AAMD. We restricted the sample to the high-risk 

severity group 3 and adjusted for variables in Model 3. This figure shows that 52% of 

people with ≥2 affected family members have a higher 5-year risk (ie, a ≥30% incidence of 

progression) compared with 20% of people with no family history.

Among all subjects, the association between family history and progression persisted even 

after adjusting for all 31 genetic variants (HR 1.6 [95% CI 1.3-2.0]; Table 1, Model 4). 

Among eyes with high-risk baseline AMD severity group 3, the impact of family history 

on progression to AAMD, GA, and NV was further evaluated (Figure 3). Family history 

was associated with progression within each PRS tertile and for each AMD outcome. In 

addition, the effect of family history was more apparent with increasing PRS tertile. For 

eyes with severity group 3 at baseline and PRS tertile 3, the 12-year estimated progression 

to AAMD ranged from 61% with no affected relatives to 74% for ≥2 affected relatives. 

In this higher-risk macular and genetic susceptibility subgroup, the 12-year probability of 

progression for GA ranged from 37% with no affected relatives to 48% for ≥2 affected 

relatives. Finally for NV, the 12-year rate of progression ranged from 29% for no affected 

relatives to 40% for ≥ 2 affected relatives. These results suggest that having ≥2 affected 

relatives was associated with a higher risk of progression to AAMD compared with not 

having a family history of AMD, even after considering genetic susceptibility.

• COMPARISON OF COMPOSITE RISK SCORE MODEL WITH OTHER MODELS:

Composite risk score versus baseline severity scale—To determine if variables 

included in the composite risk score were better at predicting progression compared with 

only baseline AMD severity score group, we performed AUC analyses and compared a 
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model with just severity scale group versus the composite risk model for progression to 

AAMD. The AUC for a model with only severity scale groups was 0.87 and increased 

to 0.92 for the composite risk model (ΔAUC 0.05 ± 0.005; P < 0.001) for progression 

over 12 years. Since the differences in AUC after reaching 0.90 are small, we compared 

different models using NRI. NRI measures the probability that a random eye would move 

to a higher category minus the probability that it would move to a lower category in 2 

different predictive models. Comparing Model 3 to a model with only macular severity 

groups for 5-year progression to AAMD (Supplemental Table 2), the NRI for progressing 

eyes was 0.433 (P < 0.001), and for 12-year progression to AAMD (Supplemental Table 

3), the NRI was 0.324 (P < 0.001) indicating that 43.3% and 32.4% of progressing eyes 

were more appropriately classified for risk of progressing to AAMD after 5 years and 12 

years, respectively. For non-progressing eyes, the NRI was significantly greater than 0 at 12 

years, but not at 5 years. Results of these analyses suggest that there is better discrimination 

between progressing and non-progressing eyes to AAMD using the composite risk score. 

The NRI for progressing eyes was higher for 5-year predictions than 12-year predictions 

possibly because the risk score included non-genetic variables assessed at baseline.

Composite risk score versus model with no genes—We assessed if there was an 

increase in risk category for Model 3 with genes versus Model 1 without genes among 

progressors, and a decrease in risk category among nonprogressors (Supplemental Table 

4). The detailed comparison shows 88 of 384 progressing eyes (22.9%) moved to a higher 

category versus 40 eyes (10.4%) to a lower category in a comparison between Model 3 

and Model 1 (NRI = 0.125; P < 0.001). In non-progressing eyes, 246 of 4507 (5.5%) 

moved to a lower category and 133 (3.0%) moved to a higher category (NRI = 0.025; P 
< 0.001). Therefore, both progressing eyes and non-progressing eyes were more accurately 

classified after incorporating genetic susceptibility information compared with a model 

without genetic information.

Composite risk score versus model with 2 genetic variants—To determine if >2 
genes improved risk classification compared with only 2 genes, we also compared model 

3 versus model 2 for AAMD (Supplemental Table 5). Results indicate there was additional 

discrimination provided by the other genes in model 3 compared with Model 2.

Composite risk score versus model with more genetic variants—To determine 

if incorporating all 31 genes associated with AMD improved risk discrimination compared 

with genes found to be most predictive based on stepwise regression, we compared Model 4 

to Model 3 (Supplemental Table 6). The performance of Model 4 was inferior to Model 3, 

possibly because of the addition of random noise from the 19 additional genes not identified 

in the stepwise model and not significantly related to progression to AAMD, which therefore 

did not improve risk classification. Furthermore, for the genes identified as most predictive 

of progression in Model 3, the β coefficients showed only minor differences when additional 

genes in Model 4 were included (data not shown). This supports the higher impact of genes 

selected using the stepwise model on progression to AAMD outcomes. In summary, the 

composite risk score from Model 3 provided the best risk classification for both progressing 
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and non-progressing eyes for AAMD among the 4 models. A summary of all NRI analyses 

is provided in Table 2.

COMPOSITE RISK SCORE DISCRIMINATES BETWEEN PROGRESSING AND NON-
PROGRESSING EYES:

Figure 4A, shows a clear differentiation between the proportion of progressing and non-

progressing eyes according to the composite risk score based on Model 3. There is 

minimal overlap between the risk distributions of progressing and non-progressing eyes 

overall. Scores >10 were common (95%) among progressing eyes and relatively uncommon 

(27%) among non-progressing eyes. Figure 4B through D, show the composite risk score 

within strata formed by baseline AMD severity groups at baseline. There was separation 

between progressing and non-progressing eyes within each severity score group. These 

results suggest that the composite risk score including genetic and non-genetic variables can 

differentiate eyes with high and low risk of progression among eyes within the same macular 

severity group at baseline.

• APPLICATION OF THE COMPOSITE RISK SCORE FOR PREDICTION OF AAMD:

Predicted cumulative risk of AAMD over 2, 5, and 10 years for 24 representative eyes using 

the composite risk score can be found in Supplemental Table 7. A low-risk eye, such as 

eye 21 with a 1.2% 10-year risk of progression, is characterized by a baseline severity scale 

group 1, a fellow eye without AAMD at baseline, and no risk alleles for 9 of the 12 genes 

considered (composite risk score of 7). A high-risk eye, such as eye 17, with a 10-year risk 

of 94.5% for progression to AAMD, had a baseline AMD severity group 3, a fellow eye with 

AAMD, 1 relative with AMD, and had the risk variants CFH Y402H, ARMS2/HTRA1, C3 
R1210G, C3 K155Q, ABCA1, and SLC16A8 (composite risk score of 18). Other eyes had 

ranges of risk accounting for competing mortality between these 2 levels. Among the 2 eyes 

with composite risk scores ≤10, none progressed, and of 9 eyes with scores between 11 and 

14, 3 (33%) progressed, and for the 12 eyes with scores ≥15, 9 (75%) progressed to AAMD 

over 12 years. We also estimated cumulative incidence of progression to AAMD over 5 

years based on risk categories in Figure 2: among eyes in lower risk categories, 1 of 8 (13%) 

progressed, and 5 of 7 eyes (71%) progressed to AAMD in the highest-risk categories. An 

online risk calculator is being updated to implement these methods.

DISCUSSION

Ocular features were highly predictive of progression to AAMD, including the level of 

severity of the study eye and whether the fellow eye had progressed. However, our results 

show that the composite risk model that included both non-genetic factors and genetic 

variants was highly predictive of progression and provided greater discrimination between 

progressors and nonprogressors than a model without genetic variants. It also added more 

discrimination than incorporating only the 2 most common genes (CFH and ARMS2) found 

in publicly available genetic testing kits. The genetic variants that predicted progression 

were in the complement, immune, inflammatory, lipid, extracellular matrix, angiogenesis, 

and DNA repair pathways. Interestingly, this composite risk score model also appeared more 

effective at prediction of progression than the model with >30 genetic variants known to 
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be related to prevalent AMD. This could possibly be caused by the addition of genetic 

variants that are associated with prevalence but are not strongly associated with progression, 

which may add random noise to the model. A family history of AMD conferred additional 

important information in risk prediction even after adjusting for genetic susceptibility and 

other factors. This could be explained in part by other shared environmental or lifestyle 

factors among families or other unknown genetic variants.

In addition, for each baseline severity scale group, the distribution of the composite risk 

score was substantially higher in eyes that progressed than eyes that did not progress. 

This suggests that the course of the disease differs among eyes with similar non-advanced 

stages of disease at baseline. Some people with higher-risk ocular features are less likely 

to progress than others based on non-ocular features, including genetic susceptibility. 

The value of such a score is that individuals with higher composite risk scores could 

be monitored more closely and encouraged to adhere to healthier habits. This patient 

management would include advice about not smoking,28 increasing consumption of foods 

rich in lutein and zeaxanthin,29 and maintaining an optimal weight including lower 

abdominal weight.30 Reduction in levels of certain fats31 and increasing intake of omega-3-

fatty-acids32-34 can also be beneficial. Many of these nutritional recommendations are 

included in the Mediterranean style diet which was first reported to reduce the progression 

to AAMD in 201535 and then subsequently confirmed in a European population.36 AREDS 

supplements are also recommended for individuals with intermediate AMD.37

Prediction models for AMD began by initially including the few known genes related 

to prevalence of the disease.4 Subsequently, non-genetic variables including demographic, 

environmental, and lifestyle as well as ocular factors were added, along with addition 

of some newly discovered genetic variants that were also significantly related to 

progression.2,14 Other analyses were done in different cohorts using similar methods both 

in the United States and other countries.38 Family history of AMD has previously been 

shown to be a risk factor for AMD.39,40 The prevalence of age-related maculopathy among 

first-degree relatives of subjects with age-related maculopathy, particularly with neovascular 

disease, was greater than among first-degree relatives of subjects without this disease.39

This report differs in several important ways: 1) we assessed risk of progression in 

individual eyes classified using the AREDS severity scale groups, and adjusted for fellow 

eye status; 2) we incorporated the family history of AMD and assessed lower or higher 

risk based on number of affected relatives (no family history, 1 family member, and ≥2 

family members); 3) the outcome included AAMD as well as GA and NV separately 

for each eye, requiring confirmation at 2 successive visits to reduce misclassification; 

4) analyses accounted for correlation between eyes for the outcomes, and adjusted for 

competing mortality risk; and 5) the online calculator incorporates several genetic variants 

most highly related to progression, can accommodate missing genetic data, and can be 

used if information regarding genetic variants is unknown by incorporating the minor allele 

frequencies in the general population for selected genes.

We assessed the relative performance of different models, with and without genetic 

variants, and within different baseline AMD severity scale groups. The composite risk 
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score combining non-genetic factors with the most predictive genetic factors performed best 

in assessing progression to AAMD over 12 years. The AUC for this model was 0.93 for 

progression at 5 years and 0.92 for progression at 12 years, higher than some previous 

models.

In a previous article to assess response to AREDS supplementation according to genetic 

factors,41 we reported a protective effect of antioxidants plus zinc versus placebo for 

progression to overall advanced AMD (HR 0.83 [95% CI 0.67-1.03]; P = 0.084), NV 

(HR 0.71 [95% CI 0.53-0.96]; P = 0.024), but not for GA (HR 0.96 [95% CI 0.72-1.29]; 

P = 0.79). A protective treatment effect was seen for the CFH nonrisk genotype and the 

risk ARMS2 genotype, with significant treatment–genotype interactions, particularly for 

progression to NV. These results were based on survival analysis using the eye as the unit 

of analysis and controlled for baseline Clinical Age-Related Maculopathy Staging grade42 

and baseline drusen size for eyes without AAMD at baseline. The above analyses were 

conducted over the duration of the clinical trial (mean follow-up, 6.6 years).

In the current article, analyses differed and were conducted over the full 12 years of 

follow-up, and the 3 active treatment groups were combined and compared with placebo. 

Furthermore, baseline severity was controlled for using the 12-point AREDS Severity 

Scale. Finally, because some eyes that progressed at 1 visit were graded in AREDS as 

not progressing at a subsequent follow-up, we used a more conservative definition of 

progression requiring progression at 2 consecutive visits for confirmation. The effects 

were in the same direction as our previous results but weaker (AAMD: HR 0.96 [95% 

CI 0.82-1.13]; P = 0.61; GA: HR 0.96 [95% CI 0.80-1.16]; P = 0.69; NV: HR 0.85 [95% 

CI 0.71-1.03]; P = 0.096). It is expected that the HR for active treatment versus placebo 

would be closer to the null after the clinical trial ended, since all subjects were offered active 

treatment after the primary results were published.

In the original AREDS clinical trial,18 a significant effect of antioxidants plus zinc versus 

placebo was reported for AAMD (OR 0.72 [95% CI 0.52-0.98]; P = 0.007) and NV (OR 

0.62 [95% CI 0.43-0.90]; P = 0.001), and a nonsignificant trend for central GA (OR 0.75 

[95% CI 0.45-1.24]; P = 0.13). However, there were some differences in analytic techniques 

used in that article comparted with ours. First, in the report of the clinical trial results, a 

generalized estimating equations analysis was used instead of survival analysis. This allowed 

subjects who were graded as progressing at successive visits in the original AREDS paper 

to be counted multiple times after the first occurrence, which will often exaggerate treatment 

differences, although it does offer protection against the issue of some progressing eyes 

regressing at subsequent visits. Also, the unit of analysis was the person instead of the 

eye, which is less efficient, particularly if baseline eye-specific macular status is used as 

a covariate. The conservative definition of progression used in the current study is a good 

compromise between over- and undercounting progressing eyes.

The limitations of our study include possible overestimation of the predictive accuracy 

(AUC and NRI). Results should be validated in large independent study cohorts that have 

comparable baseline predictors and many eyes that progress to AAMD. Family history was 

self-reported by participants. There may be some misclassification, especially for individuals 

SEDDON et al. Page 10

Am J Ophthalmol. Author manuscript; available in PMC 2025 January 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



who reported no family history if their parents died young and they had no siblings. Ideally, 

information about parents and siblings, ages of death, and number of siblings should be 

collected. We classified baseline AMD severity scale groups into low, medium, and high-risk 

to enhance the clinical application of the model and practical use of the online calculator. 

However, there may be residual confounding within these groups.

• CLINICAL RELEVANCE:

These results could inform physicians who conduct assessment of presence and degree of 

macular degeneration and provide guidance to obtain family history of disease, because it 

relates to subsequent progression to more advanced stages of the disease. It also highlights 

that genetic susceptibility plays a role, even independent of family history and the clinical 

status of the macula. The composite risk score including genetic factors could be useful for 

clinical management to identify individuals who are more likely to progress to advanced 

stages of AMD, who could then be advised to have more frequent follow-up appointments, 

encouraged to adhere to healthy habits, and identified for participation in clinical trials.43 

This information is gaining more importance as new treatments aimed at genetic pathways 

are coming to market and others are under investigation.44

In summary, baseline macular AMD severity and status of the fellow eye (presence or 

absence of advanced disease) are important predictors of progression. Family history of 

AMD, especially ≥2 affected relatives, and genetic variants in several biologic pathways, 

provide additional discrimination between progressing and non-progressing eyes, after 

accounting for baseline macular status. Finally, a composite risk score model that combines 

non-genetic and genetic variables was most informative in terms of predicting risk of 

progression from non-advanced to advanced stages of AMD, compared with models with 

only macular status or only non-genetic factors.

An overall summary of the risk calculations can be obtained from the online calculator that 

uses the composite risk score, incorporating demographic, behavioral, ocular, nutritional, 

and genetic factors. This free resource enables the user to obtain an AMD risk score both 

with and without genetic information, with additional discrimination if genetic variants are 

included.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Associations between family history of age-related macular degeneration (AMD) and 

progression to advanced AMD (AAMD), geographic atrophy (GA), and neovascular (NV). 

Hazard ratios and 95% confidence intervals (CIs) adjusting for age, race, body mass index, 

smoking status, Age-Related Eye Disease Study treatment group, multivitamin intake, 

baseline AMD severity group, AMD status of the fellow eye, family history of AMD, and 

genetic variants selected from stepwise regression (Model 3).
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FIGURE 2. 
Estimated 5-year cumulative incidence of progression to advanced age-related macular 

degeneration (AAMD) stratified by family history of AMD among individuals with high-

risk non-advanced AMD at baseline, adjusting for age, race, body mass index, smoking 

status, Age-Related Eye Disease Study treatment group, multivitamin intake, baseline AMD 

severity group, AMD status of fellow eye, family history of AMD, and genetic variants 

in the stepwise regression model (Model 3). aProportion of subjects in risk categories 

according to AMD family history.
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FIGURE 3. 
Kaplan-Meier survival curves for probability of not progressing to advanced age-related 

macular degeneration (AAMD), geographic atrophy (GA), and neovascular (NV) among 

eyes with high-risk non-AAMD (severity group 3) at baseline stratified by family history of 

AMD and polygenic risk score (PRS) tertiles. Results based on Model 4 adjusting for age, 

race, body mass index, smoking status, Age-Related Eye Disease Study treatment group, 

multivitamin intake, baseline AMD severity group, AMD status of the fellow eye, family 

history of AMD, and 31 genetic variants.
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FIGURE 4. 
A. Composite risk scores for non-progressing and progressing eyes. Composite risk scores 

include both non-genetic and genetic variables adjusting for age, race, body mass index, 

smoking status, Age-Related Eye Disease Study treatment group, multivitamin intake, 

baseline age-related macular degeneration (AMD) severity group, AMD status of the fellow 

eye, family history of AMD, and 12 genetic variants (Model 3). B through D. Composite 

risk scores for progressing and non-progressing eyes stratified by baseline non-advanced 

AMD severity group (B, severity group 1 = low risk [severity scale 1]; C, severity group 2 

= medium risk [severity scales 2-4]; D, severity group 3 = high risk [severity scales 5-8]). 

AAMD = advanced age-related macular degeneration.
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