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PURPOSE. The purpose of this study was to identify genetic risk loci for retinal traits,
including drusen, in an Amish study population and compare these risk loci to known
risk loci of age-related macular degeneration (AMD).
METHODS. Participants were recruited from Amish communities in Ohio, Indiana, and
Pennsylvania. Each participant underwent a basic health history, ophthalmologic examination, and genotyping. A genomewide association analysis (GWAS) was conducted
for the presence and quantity of each of three retinal traits: geographic atrophy,
drusen area, and drusen volume. The findings were compared to results from a
prior large GWAS of predominantly European-ancestry individuals. Further, a genetic
risk score for AMD was used to predict the presence and quantity of the retinal
traits.
RESULTS. After quality control, 1074 participants were included in analyses. Six single
nucleotide polymorphisms (SNPs) met criteria for genomewide significance and 48 were
suggestively associated across three retinal traits. The significant SNPs were not highly
correlated with known risk SNPs for AMD. A genetic risk score for AMD provided significant predictive value of the retinal traits.
CONCLUSIONS. We identified potential novel genetic risk loci for AMD in a midwestern
Amish study population. Additionally, we determined that there is a clear link between
the genetic risk of AMD and drusen. Further study, including longitudinal data collection,
may improve our ability to define this connection and improve understanding of the
biological risk factors underlying drusen development.
Keywords: drusen, age-related macular degeneration (AMD), genetics

A

ge-related macular degeneration (AMD) is the leading cause of vision loss nationwide and accounts for
8.7% of blindness.1 Although the prevalence of AMD differs
based on ancestry, it is estimated to affect approximately
196 million individuals globally and is projected to increase
to 288 million in 2040.2 Early stages of AMD may be relatively asymptomatic, but as the disease progresses there
can be blurring and distortion of central vision that can
eventually result in irreversible central vision loss.3 Late
stages of AMD are generally categorized into two subtypes:
neovascular AMD (or macular neovascularization4 [MNV])
and geographic atrophy (GA).5 In people with MNV, neovas-

cularization arising from either the choroidal circulation
(type 1 or 2 MNV) or the deep retinal circulation (type 3
MNV) is associated with exudation which can result in scarring and loss of the retinal photoreceptors.1 MNV accounts
for over half of late-stage AMD cases and approximately 90%
of blindness due to AMD.6 GA, characterized by progressive
degeneration of the macula, can also cause vision loss but
this generally occurs more gradually compared with MNV.1
Although visual impairment in early stages of AMD
usually does not have a large impact on quality of life, latestage AMD can lead to significant functional loss, such as the
inability to read, drive, or work. Additionally, vision loss has
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been linked to many comorbidities, including depression,
stroke and heart disease, and coronary artery disease.7,8
Because of this, it is imperative to identify individuals
with AMD in early stages of the disease. Current treatments cannot completely reverse an individual’s progression
of AMD, but treatments, including antivascular endothelial
growth factor, can slow or halt the progression of neovascular AMD.9–11 Similarly, there are preventive measures,
including modifications to diet, nutritional supplements, and
increased physical activity, that help in reducing the risk and
rate of progression.12,13
Risk factors for AMD have been characterized extensively.12,14,15 The primary risk factors for AMD include age,
cigarette smoking, previous cataract surgery, and genetics.
Twin studies have estimated the heritability of AMD to
be between 46% and 71%, which is high for a complex
disease.16,17 Early genetic studies of AMD identified two
primary risk altering loci: CFH18–21 and ARMS2/HTRA1.22,23
Variation in these two genes accounts for over half of the
genetic heritability of AMD.24,25 More recent genomewide
association studies (GWASs) have revealed as many as 34
independent loci associated with AMD status across both
common and rare variants.26
Although small cellular waste deposits between the retinal pigment epithelium (RPE) and Bruch’s membrane (BM)
known as drusen serve as biomarkers for AMD, recent work
confirms their importance in understanding the physiology of AMD.27–29 Drusen are indicative of AMD progression and show potential in better understanding conversion
to wet AMD.6,28,30 Larger drusen and a larger drusen area
is associated with a higher risk for developing GA, with
GA often appearing in regions where these large drusen
collapse.31 Although the severity or burden of drusen in
the eye were historically assessed using categorical scales
on color photographs, advances in imaging, notably optical
coherence tomography (OCT), has allowed the volume of
drusen to be precisely quantified.
Despite extensive characterization of genetic risk of AMD,
risk variants specific to drusen development have not been
as intensively explored. Much of the work surrounding the
genetic risk of drusen has investigated either certain genes
or variants, as opposed to evaluation of risk across the entire
human genome.32–34 Here, we performed a GWAS of drusen
and GA traits to identify risk variants for both the presence and quantity of drusen. These data were collected as
part of the Amish Eye Study, which aims to identify early
predictors of progression to AMD by studying individuals at
high risk of developing AMD.35,36 The Amish are a founder
population that is isolated both genetically and culturally.
The population descended from German and Swiss Anabaptists who emigrated from Western Europe to North America
throughout the 18th and 19th centuries.37,38 Because of their
cultural beliefs, the Amish generally abstain from both smoking and alcohol use after joining the church as adults, reducing the impact of these environmental risk factors. However,
some Amish do engage in limited smoking as adolescents.
Due to their relative isolation, the Amish provide a valuable population for genetic studies that may be enriched
for some rare variation.39 We examined the link between
AMD and drusen by investigating the utility of genetic risk
scores (GRSs) for AMD to predict retinal and GA traits.
Findings from the present study highlight the genetic basis
of drusen and GA development, which can help to better
understand the role of drusen in AMD development and
progression.
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METHODS
Study Population
Potential subjects included Amish adults living in and
around Holmes County, Ohio, Lancaster County, Pennsylvania, and both Elkhart and LaGrange Counties, Indiana. Individuals were recruited as part of the Amish Eye Study, which
has been described elsewhere.35,39 Briefly, eligible individuals included those from a family with at least 2 individuals
with early or intermediate AMD who were over the age of
50 years. Informed consent was obtained for all individuals.
Research complied with the Health Insurance Portability and
Accountability Act and the Declaration of Helsinki.

Phenotype Data Collection
Subjects participated in a health history survey and ophthalmologic examination that included spectral domain (SD)
OCT volume scans for both eyes. This has been described
in detail elsewhere.35,39 Briefly, imaging was performed with
the Cirrus OCT device (Carl Zeiss Meditec, Dublin, CA, USA)
using a volume scanning protocol (512 A-scans × 128 Bscans, 6 × 6 mm pattern, centered on the fovea). A minimum signal strength was required during the acquisition,
and scans were repeated as needed to achieve high-quality
scans. Images were then sent to the Doheny Image Reading Center and three specific traits were quantified (GA area
within a central 5 mm circle, RPE elevation area within the
central 3 and 5 mm circles, and RPE elevation volume within
the central 3 and 5 mm circles) automatically by the US
Food and Drug Administration (FDA)-cleared Advanced RPE
analysis software available in the device. Each AMD case
was manually inspected for drusen secondary to AMD. Any
cases with vitelliform lesions or serious pigment epithelial
detachment (PED) were flagged and findings that were not
secondary to AMD were not graded for RPE. As drusen accumulate in the sub-RPE space, the RPE elevation parameters
are a reflection of the drusen burden, and thus from here
on forward these parameters are referred to as drusen area
and drusen volume. A detectable amount of drusen area and
volume were considered to be measurements equal to or
greater than 0.1 mm2 or mm3 , respectively. Individuals not
meeting these criteria were considered to have no drusen
area or no drusen volume. It is possible that an individual
had a detectable amount of drusen area or drusen volume,
but not both, if one of the two measures was detectable but
the other was not.

Genotyping and Quality Control
Genotyping was performed using a customized Illumina
Multi-Ethnic Genotyping Array (MEGAex) to capture over
2 million single nucleotide polymorphisms (SNPs) on 1149
individuals. Before performing an association analysis, we
evaluated the quality of SNPs and subjects. The first step
of the quality control procedures was applied using KING40
and PLINK.41 Individuals were excluded if they showed <
95% genotypic call rates or the inferred gender did not match
the reported gender. Known twins and duplicates were identified through a relatedness check. One randomly chosen
twin/duplicate was excluded. Variants with < 95% call rates,
non-autosomal, or those with minor allele frequency (MAF)
= 0 (i.e., monomorphic) were excluded.
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FIGURE. Density plots of five retinal traits. (A) Geographic atrophy (GA) area (mm2 ) within a central 5 mm circle. (B) GA area (mm2 )
within a central 5 mm circle, excluding those with zero. (C) Drusen area (mm2 ) within a central 5 mm circle. (D) Drusen area (mm2 ) within
a central 5 mm circle, excluding those with zero. (E) Drusen volume (mm3 ) within a central 5 mm circle. (F) Drusen volume (mm3 ) within
a central 5 mm circle, excluding those with zero. (G) Drusen area (mm2 ) within a central 3 mm circle. (H) Drusen area (mm2 ) within a
central 3 mm circle, excluding those with zero. (I) Drusen volume (mm3 ) within a central 3 mm circle. (J) Drusen volume (mm3 ) within a
central 3 mm circle, excluding those with zero. Note that the plots of (B), (D), (F), (H), and (J) exclude individuals who do not have any
measurable amount of the trait.
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Mendelian inconsistencies were assessed using MARKERINFO in the S.A.G.E. package.42 SNPs with more than five
Mendelian errors observed were excluded. Mendelian errors
for SNPs with less than five errors were marked as missing within the nuclear family. Hardy-Weinberg equilibrium
proportions were not used as a quality filter, as they are
difficult to assess accurately in our highly related founder
population data. Maximum likelihood estimates of allele
frequencies and marker-specific inbreeding coefficients
were estimated using FREQ in the S.A.G.E. package42 and
SNPs with a minor allele frequency <0.01 were excluded.
The final dataset, after all exclusions were applied,
consisted of 1074 individuals with 831,286 genotyped SNPs.
Principal components analysis was performed to check for
any cryptic population structure using PCAiR in GENESIS.43
Only variants with low linkage disequilibrium (LD) among
each other (R2 < 0.2) were used and the first three principal
components were investigated. The overall flowchart of this
process is shown in Supplementary Figure S1.

Association Analysis
Kinship-adjusted principal components were created using
the GENESIS Bioconductor package.43 After checking for
potential differences in principal components across demographic variables, 2 models were constructed on each of
the 5 traits: GA area within a central 5 mm circle, drusen
area within a central 5 mm circle, drusen volume within a
central 5 mm circle, drusen area within a central 3 mm circle,
and drusen volume within a central 3 mm. The first model
(model 1) included a logistic regression approach to predict
zero versus non-zero status, referred to as presence of each
of the traits. The second model (model 2) was performed
on a subset of individuals who had presence of each of the
respective traits to remove the effect of the high proportion of zeros in the data (see the Fig.). We utilized a logtransformed Gaussian approach to approximate a normal
distribution for model fitting (Supplementary Fig. S2). Only
the eye with greater levels of atrophy or drusen for each individual was considered for analysis. We first performed basic
logistic (model 1) or linear (model 2) regression to investigate the effect of the age, sex, and ever smoked covariates
on each of the outcomes.
Depending on the model, a GWAS was performed with
binomial (model 1) or Gaussian family (model 2) with adjustment for age, sex, ever smoked, PC1, and PC2 using GENESIS.43,44 A genetic relationship matrix containing information on the genetic relationship between any two individuals across all genotyped SNPs was constructed and provided
as a covariance matrix in each of the models. For model 1,
SNPs with a minor allele frequency ≥ 1% were considered.
For model 2, only SNPs with minor allele frequency ≥ 5%
were considered, given the much smaller sample size of individuals with each of the traits. A Score test was run on the
additive effect for each copy of the allele for the SNP (0,
1, or 2 minor alleles) to examine the effect size and significance. Both the Bonferroni correction and the BenjaminiHochberg (BH) method were considered for correcting for
multiple testing in determining genomewide significance.
After Bonferroni correction at α = 0.05, the threshold was set
at P < 7.28 × 10−8 . For the BH method, a false discovery rate
(FDR) of 0.2 was used. Additionally, SNPs were considered to
have suggestive effects if the Score test gave P values of less
than 1.0 × 10−5 . After significant and suggestive SNPs were
determined, a gene set enrichment analysis was performed
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to determine if any pathways are enriched at FDR of less
than 0.2.45,46

Genetic Risk Score Analysis
A GRS was constructed for each individual using weights
derived from the summary statistics of genomewide significant SNPs from a recent large GWAS of AMD.26 Effects of
SNPs were included if directly genotyped in our customized
Illumina MEGAex47 or if genotyped SNPs were correlated
at R2 > 0.8 to a genomewide significant SNP in a European reference population. Three logistic regression models
(score only, covariates only, and score and covariates) with
the outcome of binary presence (model 3) for each of the
five model 1 traits were constructed. Goodness of fit criteria, including area under curve (AUC) and effects of each
covariate were calculated. Receiver operating characteristic (ROC) curves were constructed to further evaluate the
predictive ability of the risk score. Similarly, three linear
regression models (score only, covariates only, and score
and covariates) were created for each of the model 2 traits
(e.g. using the subsets of individuals with presence of the
trait (model 4). Goodness of fit criteria, including R2 , and
effects of covariates were calculated. Mixed models were
also constructed with a genetic relatedness matrix as a
covariance matrix to assess the value of the GRS in predicting each of the five traits after adjustment for individual relatedness.

RESULTS
Drusen Characteristics
After quality assurance and control, a total of 1074 Amish
individuals were included in the study (see the Fig., Table 1).
There were 57.8% of the participants that were women
and the mean age at examination was 66 years (range =
50 to 99 years). There were 19.8% of the individuals that
reported ever smoking, as defined by smoking more than
100 cigarettes in their lifetime. There were 5.9% of individuals that had any quantity of GA area in their worse eye,
whereas 22.6% and 16.5% had drusen area and volume in a
5 mm circle, respectively. We detected an observable drusen
area and volume in a 3 mm circle in 18.1% and 13.0% of
participants, respectively. We observed only minor differences among the people with observable amounts of each
of the retinal traits compared to the overall study population (Supplementary Table S1). The SD OCT results revealed
a large proportion of zeros (no GA and no drusen) and a
right skew among the non-zeros across all of the five traits
(see Supplementary Fig. S2). We characterized the correlation among each of the five retinal traits and observed strong
correlation, especially among measures of drusen area and
volume (Supplementary Tables S2, S3).

Association Analysis
We found only minor evidence of an association between
sex or ever smoked in our Amish data on any of the
traits (Supplementary Table S4). Age was strongly associated with each of the outcomes. The model 1 GWAS
for presence of drusen area within a central 5 mm circle
yielded one genomewide significant SNP (rs8125299, P =
8.22 × 10−8 , Supplementary Fig. S3) after correction using
the BH method with an FDR of 0.2 (Table 2). No SNPs
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TABLE 1. Characteristics of Study Population of Enrolled Adults, Excluding Refused or Inconclusive Responses
Trait

N (Binary) or Mean (Continuous)

% (Binary) or SD (Continuous)

621
213
66.1
59
226
166
182
131

57.8
19.8
10.3
5.9
22.6
16.5
18.1
13.0

Female
Ever smoked (>100 packs lifetime)
Age at time of OCT examination
Presence of geographic atrophy within a central 5 mm circle
Presence of drusen area within a central 5 mm circle
Presence of drusen volume within a central 5 mm circle
Presence of drusen area within a central 3 mm circle
Presence of drusen volume within a central 3 mm circle
SD, standard deviation; OCT, optical coherence tomography; mm, millimeter.

TABLE 2. List of Genomewide Significant SNPs After Correction Using the Benjamini-Hochberg Method With False Discovery Rate of 20%
for 3 Retinal Traits: Drusen Area Within a Central 5 mm Circle, Drusen Area Within a Central 3 mm Circle, and Drusen Volume Within a
Central 3 mm Circle
Measure
Drusen area within a central 5 mm circle
Drusen area within a central 3 mm circle
Drusen volume within a central 3 mm circle

Model SNP (GrCh37) Chromosome Position Score P Value
1
1
1
1
1
2
2

rs8125299
rs79746087
rs7028791
rs7850939
rs79746087
rs76316680
rs17759824

20
19
9
9
19
4
2

4860658
2489650
113240481
113242405
2489650
138280638
114942278

8.22
6.85
1.31
2.27
6.87
1.84
3.73

×
×
×
×
×
×
×

10−8
10−8
10−8
10−8
10−8
10−7
10−7

Nearest Gene(s)
SLC23A2
GADD45B, GNG7
SLC31A1
SLC31A1
GADD45B, GNG7
DPP10-AS3, DPP10-AS1
SLC7A11, LINC00499

If SNP is exonic, the gene that it is located in is listed. If SNP is intergenic, the nearest upstream and downstream genes are listed.

met genomewide significance for model 1 of drusen volume
within a central 3 mm circle. One SNP (rs79746087, P = 6.85
× 10−8 , Supplementary Fig. S4) was significant after Bonferroni correction and the BH method for presence of drusen
area within a central 3 mm circle (model 1). Three SNPs,
including rs7028791 (P = 1.31 × 10−8 , Supplementary Fig.
S5), rs7850939 (P = 2.27 × 10−8 , Supplementary Fig. S6), and
rs79746087 (P = 6.87 × 10−8 , Supplementary Fig. S7) were
significant after Bonferroni correction and use of the BH
method in model 1 for drusen volume within a central 3 mm
circle. Two SNPs, rs76316680 (P = 1.84 × 10−7 , Supplementary Fig. S8) and rs1759824 (P = 3.73 × 10−7 , Supplementary Fig. S9) met criteria for genomewide significance for

drusen volume in a 3 mm circle using the BH method in
model 2 (see Table 2). The P values for each of these SNPs
across all measures and models can be found in Supplementary Table S5. There was minimal evidence of inflation
based on calculations of the genomic inflation factor for
models 1 and 2 of each of the five traits (Supplementary
Table S6).
A total of 35 and 19 SNPs met suggestive criteria (P < 1
× 10−5 ) for model 1 and model 2, respectively, across the
five traits (Supplementary Table S7). Gene set enrichment
analysis45,46 performed on the overall list of genes corresponding to suggestive or significant SNPs yielded no
enriched gene sets at FDR < 0.20.

TABLE 3. Area Under the Curve (AUC), Akaike Information Criteria (AIC), and P Values for the Risk Score Variable Across Prediction of
Presence (Model 3) of Five Outcomes: Geographic Atrophy (GA), Drusen Area Within a Central 5 mm Circle, and Drusen Volume Within a
Central 5 mm Circle
Measure
Geographic atrophy within a central 5 mm circle

Drusen area within a central 5 mm circle

Drusen volume within a central 5 mm circle

Drusen area within a central 3 mm circle

Drusen volume within a central 3 mm circle

Model Type
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates

AUC

AIC

Risk Score
P Value

Adjusted Model
Risk Score P Value

0.636
0.838
0.865
0.615
0.769
0.798
0.617
0.808
0.833
0.634
0.789
0.820
0.641
0.827
0.862

−76.34
−194.17
−215.22
1058.6
911.13
866.13
833.47
650.64
615.11
846.89
745.79
647.45
582.51
458.72
366.09

4.18 × 10−6
–
1.43 × 10−6
6.79 × 10−11
–
8.31 × 10−12
8.05 × 10−9
–
1.02 × 10−9
2.46 × 10−10
–
4.69 × 10−11
3.89 × 10−9
–
6.66 × 10−10

2.53 × 10−6
–
8.64 × 10−6
1.23 × 10−9
–
2.83 × 10−10
4.26 × 10−9
–
6.23 × 10−10
9.31 × 10−10
–
1.88 × 10−9
2.50 × 10−10
–
8.44 × 10−10

Adjusted risk score P value is provided for a logistic regression model with account for relatedness. When specified, covariates included
age at time of examination, sex, and smoking status. All P values are significant at α = 0.05.
AUC, area under the curve; AIC, Akaike Information Criteria; GA, geographic atrophy.
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TABLE 4. Multiple R2 , Adjusted R2 , and P Values for Risk Score Variable Across Quantities of Non-Zero Subset (Model 4) of 5 Outcomes:
Geographic Atrophy Within a Central 5 mm Circle, Drusen Area Within a Central 5 mm Circle, Drusen Volume Within a Central 5 mm Circle,
Drusen Area Within a Central 3 mm Circle, and Drusen Volume Within a Central 3 mm Circle
Measure
Geographic atrophy

Drusen area within a central 5 mm circle

Drusen volume within a central 5 mm circle

Drusen area within a central 3 mm circle

Drusen volume within a central 3 mm circle

Model Type
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates
Score only
Covariates only
Score + covariates

Multiple R2

Adjusted R2

Risk Score
P Value

Adjusted Model
Risk Score P Value

0.020
0.115
0.169
0.017
0.158
0.185
0.019
0.076
0.105
0.030
0.058
0.092
0.044
0.034
0.074

0.003
0.050
0.090
0.012
0.142
0.166
0.013
0.053
0.077
0.024
0.037
0.064
0.036
0.003
0.034

0.285
–
0.071
0.053
–
0.007*
0.074
–
0.022*
0.023*
–
0.014*
0.021*
–
0.034*

0.221
0.027*
0.049*
0.008*
0.161
0.076
0.040*
0.013*
0.050*
0.048*

Adjusted risk score P value is provided for a Gaussian regression model with account for relatedness. When specified, covariates included
age at time of exam, sex, and smoking status. An asterisk (*) represents that the P value is significant at α = 0.05.

Genetic Risk Score Analysis
Twenty-two SNPs met inclusion criteria for the GRS (Supplementary Table S8). Goodness of fit criteria and P values for
the score variable on the logistic regression models for presence (non-zero status) of each of the five retinal traits (model
3) as primary outcomes can be found in Table 3. Table 4
includes goodness of fit criteria and risk score P value for
the quantity of outcomes in a non-zero subset for each of
the five traits (model 4). Inclusion of the risk score generally
improved AUC of models and the score term was significant
at α = 0.05 among all outcomes except for the GA area.

DISCUSSION
This study evaluated the genetic risk for presence and
quantity of three AMD traits: GA area, drusen area, and
drusen volume. The results indicated that these traits are
suggestively associated with a large quantity of SNPs across
the genome in Amish adults, after adjusting for age, sex,
ever smoked, and two principal components, although the
significance of the effects were varied potentially due to
a rather small sample size of individuals with a non-zero
amount of each of the traits. Seven SNPs, including one SNP
repeated between model 1 of drusen area and volume (mm3 )
in a 3 mm circle centered, were significant after correction with FDR < 0.20 (BH). Few studies have previously
shown a genetic influence on drusen, particularly at the
whole genome level.27,33 Within those, the LIPC and ABCA1
genes have been shown to be associated with large drusen
development.33 Additionally, a GRS for AMD has been
linked to baseline drusen measures but not progression of
drusen.34
The most suggestive signals and the signals with the
smallest P values were found when considering the presence/absence (model 1) of each of the retinal traits, rather
than quantity, although this could at least in part be
explained by the greater sample sizes, and hence, the power
to detect smaller effects, when including all individuals as
opposed to solely those with non-zero values for the traits.
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One SNP, rs79746087, was significant for both the drusen
area and the drusen volume within a central 3 mm circle,
indicating a significant role across measures. It was also
suggestive for the drusen area and the volume within a
central 5 mm circle. Although these are not surprising based
on the correlated outcomes (see Supplementary Table S2),
it is promising to find a region that is implicated in each of
the drusen area and volume measurements. It is located in
an intergenic region between GADD45B and GNG7. There is
evidence that it may be an expression quantitative trait locus
eQTL but with no direct links to the eye or macular degeneration.48 The first of these, GADD45B, has been implicated in
growth arrest49 and DNA damage response including protection from retinal ganglion cell injuries.50–52 GNG7 is associated with ischemic injuries of the retina.53 Other genes
with known function located close to our suggestive GWAS
loci include SLC23A2, SLC31A1, SLC7A11, DPP10-AS3, and
DPP10-AS1. The solute carrier (SLC) family of genes are
generally implicated in bodily transport of various metabolites, including amino acids, vitamin C, and copper. They
have been previously implicated in various health outcomes
relating to the eye, including drusen size and glaucoma.54–59
DPP10-AS3 and DPP10-AS1 are long non-coding RNA genes
that play a role in the development of diabetic retinopathy
and various cancers.60–64 Although none of the genomewide
significant SNPs have been directly implicated in AMD,26 3
of them are located within 6 megabases of a known AMD
SNP but only in weak linkage disequilibrium in a European
reference population65 (Supplementary Table S9). Namely,
rs79746087 is between CNN2 and C3, whereas rs7850939
and rs7028791 are downstream of ABCA1. Previous data
suggests that the genetic profile of early AMD may be different than from late AMD, making it possible that the pathways implicated in drusen might be more closely aligned
with early AMD.66,67 It is also possible that these regions
may be implicated in the development of drusen but not
closely associated with AMD diagnosis.
Although our GWAS of retinal traits revealed signals near
known AMD risk SNPs, we further investigated the utility
of using the known AMD-associated loci26 to predict the
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presence/absence and quantity of each of the three traits.
We were ultimately able to capture at least one risk variant from each of the major regions or a correlated SNP (see
Supplementary Fig. S8) and create a GRS for each individual based on these AMD risk variants. Our finding that the
GRS improved each model’s ability to predict their respective outcome suggests that the underlying genetic architecture of AMD is implicated in drusen development, and
further suggests that there is a genetic influence on development of drusen. Further, we provide evidence that some
of these genetic risk factors may be similar to those of AMD.
There is great potential for using drusen as a biomarker
for AMD due to the noninvasive nature of the OCT
examination.
Use of the Amish as a study population has the inherent
strength in that can detect effects that are small in a larger,
general population but are amplified within this founder
population. By combining OCT data with SNP-level data, we
are the first to provide an extensive analysis of how risk
variants may affect drusen development in a founder population. However, we are limited by a relatively large proportion of zeros among each of the measures. The power to
detect smaller effects and rare variants will be increased
by obtaining longitudinal data to measure progression of
the retinal traits over time. Further, use of whole genome
sequencing could allow for better detection of rare variants
within the genomewide significant loci, as the Amish may
demonstrate variation that differs from a general European
ancestry population.
We conclude that there is an underlying genetic component to drusen development that may be somewhat separated from the biological pathways considered in AMD
development. With the relatively high heritability of AMD for
a complex disease, it is not surprising that drusen may also
be inherited in a similar manner.16,25 Work on the genetic
risk of drusen could aid in improving understanding of
drusen as a biomarker for genetic risk of AMD. Building this
knowledge could serve to improve screening and treatment
to prevent AMD by more thorough incorporation of drusen
burden into such practices.
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