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Abstract

Purpose—To describe the study protocol and baseline characteristics of the “African Descent 

and Glaucoma Evaluation Study (ADAGES) III: Contribution of Genotype to Glaucoma 

phenotype in African Americans”.

Design—Cross-sectional, case-control study

Participants—There were 3266 glaucoma patients and controls without glaucoma of African or 

European descent recruited from five study centers in different regions of the United States.

Methods—Individuals of African descent (AD) and European descent (ED) with primary open 

angle glaucoma (POAG) and control subjects completed a detailed demographic and medical 

history interview. Standardized height, weight and blood pressure measurements were obtained. 

Saliva and blood samples to provide serum, plasma, DNA and RNA were collected for 

standardized processing. Visual fields, stereoscopic disc photographs, and details of the 

ophthalmic examination were obtained and transferred to the University of California-San Diego 

Data Coordinating Center for standardized processing and quality review.

Main Outcome Measures—Participant gender, age, race, body mass index, blood pressure, 

history of smoking and alcohol use in POAG patients and controls are described. Ophthalmic 

measures included intraocular pressure, visual field mean deviation, central corneal thickness, 

glaucoma medication use or past glaucoma surgery. Ocular conditions including diabetic 

retinopathy, age-related macular degeneration and past cataract surgery were recorded.

Results—The 3266 ADAGES III study participants in this report include 2146 AD POAG 

patients, 695 ED POAG patients, 198 AD controls and 227 ED controls. AD POAG patients and 

controls were significantly younger (both 67.4 years) than ED POAG patients and controls (73.4 

and 70.2 years, respectively). After adjusting for age, AD POAG patients had different phenotypic 

characteristics compared to ED POAG patients, including higher intraocular pressure, worse visual 

acuity and visual field mean deviation, and thinner corneas (all p<0.001). Family history of 

glaucoma did not differ between AD and ED POAG patients.

Conclusions—With its large sample size, extensive specimen collection and deep phenotyping 

of AD and ED glaucoma patients and controls from different regions in the United States, the 

ADAGES III Genomics Study will address gaps in our knowledge of the genetics of POAG in this 

high-risk population.

Glaucoma is the leading cause of irreversible blindness in individuals of African Descent 

(AD), and the second leading cause of irreversible blindness in all Americans1–3. As the 

population ages, the number of persons with primary open angle glaucoma (POAG) in the 

United States will increase by approximately 50% to over 3.3 million in 20204. Individuals 

of AD are more likely to become blind 5–7, and are fifteen times more likely to develop 

POAG-associated visual impairment8 than individuals of European Descent (ED).
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There are well-established differences of the optic disc and visual field between AD and ED 

individuals. For example, it is well established in normal9–13, ocular hypertensive14, post-

mortem15 and glaucomatous16 eyes, that individuals of AD have larger optic discs than 

individuals of ED. Further, healthy persons of AD reportedly have larger optic cup volumes 
10,12,13, deeper optic cups12, and larger cup-to-disc ratios than healthy individuals of ED, 

although these differences should be interpreted with caution in light of the association 

between optic disc size and many other optic disc parameters17–20.

Although it is clear that AD individuals are more likely than ED individuals to have 

glaucoma and to go blind from the disease and that the glaucoma phenotype of AD 

individuals differ from ED individuals, the genetic characteristics that contribute to these 

differences are not understood. The African Descent and Glaucoma Evaluation Studies I and 

II studies provided detailed and extensive phenotype information on a cohort of healthy, 

glaucoma suspect and glaucoma patients of AD and ED. Specifically, the National Eye 

Institute funded ADAGES in 2003 to characterize structural and functional damage and 

change in AD patients and individuals with suspect disease in order to predict and eventually 

prevent POAG-related disability and blindness in this high risk population.21–23 Despite 

similar access to treatment provided by study clinicians, ADAGES demonstrated that AD 

individuals tend to have worse central and peripheral visual field (VF) damage,23 more 

variable VF results, and are more likely to be fast progressors.24 Most importantly, it was 

shown that the risk of developing VF damage as a function of IOP varies by race.25 Among 

glaucoma suspects at similar levels of elevated IOP during follow-up (≥ 21 mmHg), 

individuals of AD were 5.2 times more likely to develop VF damage than those of ED; 

however, no racial differences were found at lower IOP.25 Moreover, ADAGES results 

suggested that there are significant age- and race-related structural variations within the 

load-bearing connective tissue components of the optic nerve head and peripapillary sclera 

that significantly alter the biomechanical response of these tissues and may at least in part be 

responsible for racial differences in the pathophysiology of POAG.26–31 Thus, given these 

many racial differences, ADAGES III was designed to delineate the genetics of POAG in 

individuals of AD and to elucidate the genetic basis for the racial phenotypic differences 

found in ADAGES I and II.

This report describes the ADAGES III study design, methods and specimens collected, 

enrollment, demographics, and initial baseline clinical findings. More complete analyses of 

the genomics of POAG in individuals of AD will be reported separately.

Methods

Study Aims

The overall goal of ADAGES III is to identify the genetic factors associated with primary 

open angle glaucoma (POAG) in individuals of African descent (AD). To meet this goal, the 

following 4 aims are being addressed.

1. Collect samples and analyze phenotype and genotype: 1a) Obtain DNA samples 

from 3000+ subjects for genotyping; over two thirds that are AD. Cases and 

controls will be ascertained from both existing studies (African Descent and 
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Glaucoma Evaluation Study (ADAGES), the Diagnostic Innovations in 

Glaucoma Study (DIGS)) and from new recruitment at the study centers. 1b) 

Establish the UCSD Shiley Eye Institute Data Coordinating Center database 

management system and sample repository to receive ocular phenotypic data, 

and maintain samples for this and future studies, as well establish a parallel 

genomics repository at the Genomics Institute of the Los Angeles Biomedical 

Research Institute at Harbor-UCLA (LABioMed).

2. Analyses of glaucoma as a qualitative trait, of glaucoma-related biometric traits, 

and of glaucoma severity: Analyze data for glaucoma as a qualitative trait and 

also perform a quantitative association analysis within the glaucoma cases for 

biometric traits (intraocular pressure, central cornea thickness, visual field 

severity and pattern of visual field loss, etc) as appropriate for both common and 

rare genetic variants. This analysis is conducted primarily within the ADAGES 

glaucoma cohort.

3. Confirmation and comparison of SNPs associated with glaucoma: Test the effect 

of known genes associated with POAG identified in individuals of ED descent in 

order to identify whether results in subjects with ED are generalizable to the 

African descent population: and test any novel findings from AD subjects in aims 

1 and 2 in ED subjects with POAG.

4. Fine-mapping and functional analyses: Select regions and genes from Aims 1, 2, 

and 3 for further study in order to identify potential mechanisms for POAG 

pathophysiology. Identical and contemporaneous phenotyping (along with 

genotyping) will facilitate the identification of genotype-phenotype similarlities 

and differences between the AD and ED glaucoma participants. Better 

understanding of the genetic susceptibility and pathophysiology of progressive 

glaucoma will lead to improved means of treatment and prevention.

Synopsis of ADAGES III Study Design and Management

The UCSD ADAGES III Coordinating Center, ADAGES BioBank and the Genomics 

Institute of LABioMed (Figure 1) are responsible for the design, implementation and quality 

control of data and specimens collected in ADAGES III. Specifically, the ADAGES 

BioBank (Directors Drs. Ayyagari and Zangwill) and LABioMed genomics biobank 

(Directors Drs. Chen, Taylor and Rotter) are responsible for protocol development of the 

specimen collection, processing, shipping, and quality control of participant blood and saliva 

samples. The ADAGES BioBank staff certifies each technician involved in the specimen 

collection and/or processing to ensure that the all aspects of the ADAGES III specimen 

protocol are understood and followed. The ADAGES Coordinating Center (Director Dr. 

Zangwill) staff are responsible for technician certification of the overall study protocol 

including participant eligibility, anthropometric measurements, standardized interview, and 

transmission of existing visual fields, stereophotographs and optical coherence tomography 

images. In addition, the ADAGES Coordinating Center coordinates data entry, and 

completes quality control of the anthropometric measurements, the participant interview and 

ocular and non-ocular information. The ADAGES Coordinating Center, through its reading 

centers, the Imaging Data Evaluation and Analysis (IDEA) Center, and Visual Field 
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Assessment Center (VisFACT) also is responsible for quality control of visual fields exams, 

optic disc stereophotographs and optical coherence tomography images.

The following five recruiting sites participated in ADAGES III: University of California at 

San Diego (Shiley Eye Institute, Hamilton Glaucoma Center, University of California, La 

Jolla (SD, PI Dr. Weinreb), Edward S. Harkness Eye Institute, Columbia University Medical 

Center, New York, (NY, PI Dr. Liebmann), University of Alabama at Birmingham (AL, PI 

Dr. Girkin), University of Texas at Houston (TX, PI Dr. Feldman) and the clinical private 

practice of Dr. Dubiner, Atlanta, Georgia (GA). The study centers are responsible for 

participant recruitment, anthropometric measurements, participant interview and EYEPAD 

data entry, specimen collection, processing, and shipping as outlined below.

Study Population

POAG patients and controls without glaucoma who were of African or European descent by 

self-report were recruited from the study center clinics and from existing ADAGES and 

DIGS glaucoma participants. All participants provided written informed consent including 

widespread data sharing and dbGaP (NIH database of genotypes and phenotypes) 

deposition, and all procedures complied with the Health Information Portability and 

Accountability Act, and study centers received approvals by Institution Review Boards 

utilized by their institutions.

Patients with glaucoma, glaucoma progressors and controls without glaucoma of AD and 

ED were recruited as outlined in Table 1. Eligibility for inclusion as a POAG patient 

required glaucomatous visual field damage compatible with glaucomatous optic disc damage 

with no other ocular or non-ocular disease responsible for the visual field loss. Visual field 

damage was defined as a pattern standard deviation (PSD) or glaucoma hemifield test (GHT) 

outside normal limits. If good quality visual fields were not available due to advanced 

disease, clear documentation of glaucomatous optic disc damage by clinical examination or 

optic disc photography was required. Glaucomatous optic disc damage was defined as 

evidence of excavation, neuroretinal rim thinning or notching, localized or diffuse retinal 

nerve fiber layer (RNFL) defect, or an inter-eye asymmetry of the vertical cup disc ratio > 

0.2. Classification as POAG required confirmation by the ADAGES Coordinating Center of 

the visual field and/or optic disc damage. In order to recruit a representative sample of 

POAG patients, exclusion criteria were limited to 1) ocular pathology that makes it difficult 

to determine whether there is characteristic visual field damage, 2) closed or occluded 

angles, 3) secondary glaucoma, 4) history of human immunodeficiency virus or hepatitis C 

infection, and 5) Non-African or European descent.

Progressing POAG patients as documented by structural changes, functional changes or disc 

hemorrhage were also recruited. To ensure that progressive changes were not due to other 

ocular conditions, participants with other ocular pathologies were excluded if 1) VF damage 

or progression was due to a cause other than POAG, 2) made interpretation of visual fields 

or photographs uncertain or difficult, or 3) visual acuity was worse than 20/50 due to a cause 

other than POAG. Glaucomatous progression is determined centrally by the ADAGES 

Coordinating Center using event-based and rate-based criteria.
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African and European descent controls without glaucoma were also recruited. Eligibility for 

inclusion as a control without glaucoma was based on 1) no evidence of glaucomatous optic 

neuropathy based on a dilated clinical examination, and 2) an IOP < 21 mmHg. Family 

history of glaucoma was an exclusion criteria for a control if the individual reported 1) more 

than 1st degree relative with glaucoma, or 2) a first degree relative that was blind from 

glaucoma.

Study Visit

The study visit included obtaining informed consent, standardized blood pressure, height 

and weight measurements, specimen collection, a detailed interview and recording of 

information from the ophthalmic medical record, and ocular examination. All data were 

recorded into the Shiley Eye Institute secure custom IPAD-based data entry system, 

EYEChart, by certified personnel at each study center. Details of each component are 

outlined below.

Standardized blood pressure, height and weight measurements—Standardized 

protocols and instruments were used at each study center to obtain blood pressure, height, 

weight and heart rate measurements. Measurements for blood pressure were performed 

before any other measurements or blood drawing procedure. Blood pressure and pulse rate 

were measured using the Omron Automatic Blood Pressure (Model BP791IT) after 

participants were in a seated position for 5 minutes. Two measurements were taken, 5 

minutes apart. If the two recordings were not within 10 mm Hg of each other, a 3rd 

measurement was completed. Height was measured to the 8th of an inch using the Seca 

Stadiometer (Model 213). Weight was measured in pounds using the Health-o-Meter 

Professional Remote Digital Scale after removal of jackets and/or bulky sweaters.

Interview—The standardized interview included a detailed assessment of the ancestry of 

the participants and their parents, marital status, education level, socioeconomic status, 

participant and parent’s history of non-ocular conditions and their treatment, participant’s, 

spouse’s, and first degree relatives’ history of ocular conditions, history of medical and 

surgical treatment for ocular conditions, history of over the counter medication and vitamin 

use, and past and current physical activity, smoking and alcohol use.

Ocular conditions and their treatment: ocular exam—Detailed information on the 

participants’ current and past ocular conditions and treatment was extracted from the 

participant’s ophthalmic medical record and entered into the EYEChart database entry 

system. Specifically, information on the following ocular tests was recorded: intraocular 

pressure (current and highest), visual acuity, central corneal thickness, refractive status, axial 

length, and gonioscopy. Information on the ophthalmic clinical examination of the anterior 

segment included detailed assessment of the cornea and conjunctiva, lens and iris. 

Information on the dilated examination of the optic nerve head included assessment of the 

optic nerve head and whether there was evidence of glaucomatous optic neuropathy (i.e. 

neuroretinal rim thinning, retinal nerve fiber layer thinning). Evidence of disc hemorrhages, 

peripapillary atrophy, large cup disc ratio, asymmetry between eyes, ophthalmic features that 

were not considered clear glaucomatous optic neuropathy was also recorded. Information on 
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age-related macular degeneration, diabetic retinopathy, epiretinal membrane, drusen, 

macular edema, hemorrhages, retinal pigment epithelial changes, proliferative 

vitreoretinopathy and retinal dystrophies was also recorded from the dilated fundus 

examination.

Specimen Collection—The blood and saliva specimen collection protocol was designed 

to provide serum, plasma, DNA and RNA for multiple-omics and biochemistry analyses. 

Blood samples were collected in the following tubes 1) CPT tubes, 2) EDTA tubes, 3) 

paxgene RNA tube and 4) a saliva collection tube (Oragene, city and state). When possible, 

fasting blood samples were obtained.

The custom ADAGES III barcode labeling system, designed by the ADAGES Coordinating 

Center and Biobank, was used to label the study logs and forms, specimen collection tubes, 

transfer and storage tubes for ADAGES III specimens and documents. After certification by 

the ADAGES Biobank, technicians at each study center receive a secure log-in for entering 

participant information and printing unique bar-code labels for placement on specimen 

tubes, and acquisition and transfer logs. The ADAGES BioBank and LABioMed also access 

and print the bar-coded label system to label the processed specimens, storage boxes, and for 

use in their data management systems.

Blood specimen collections were processed into aliquots of whole blood, plasma, and serum. 

All aliquots were stored at −80C. DNA was isolated from the buffy coat layer of samples 

collected in EDTA tubes using standard isolation procedures. Saliva samples were collected 

in Oragene ORG-500 kits for DNA isolation. Peripheral blood mononuclear cells (PBMC) 

were isolated from the samples collected in CPT tubes and cryopreserved. Whole blood was 

collected in PAXgene RNA tubes and stored at −80C for future RNA isolation.

Genotyping Data—Genotyping of ADAGES cases is being performed at the Institute for 

Translational Genomics and Population Sciences at Los Angeles Biomedical (LABioMed) 

Research Institute, at Harbor-UCLAMedical Center. DNA is isolated from either whole 

blood or saliva using Qiagen kits in an automated system. Genotyping will be conducted 

with a GWAS panel (the Illumina Multi-Ethnic Genotyping Array (MEGA), Illumina, San 

Diego, CA); this chip contains SNPs specific for the study of African-American admixture 

(AIMS) and for exons of genes.

Genotyping data from the MEGA array for 1870 (exclude DM)/2048(include DM) “African-

American convenience controls” will be provided in the form of raw intensity scores 

genotyped at the Genomics Core at Wake Forest School of Medicine. The studies include 

1076 controls from the Wake Forest Diabetic and Non-Diabetic Kidney Disease 

studies32–34, 489 controls from the Insulin Resistance Atherosclerosis Family Study 

(IRASFS)35, 157 controls from the Insulin Resistance Atherosclerosis Study (IRAS)36 and 

148 controls from the Arkansas African American Metabolic Cohort 37. The raw intensity 

scores (“idat files”) from ADAGES, generated by the LA Biomedical Institute and from the 

controls, generated by the Wake Forest School of Medicine team, will be combined into a 

single analysis for combined calling of alleles using Illumina software (Genome Studio). For 

additional quality control, the minor allele frequencies of the SNPS in the ADAGES controls 
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will be compared with the minor allele frequencies in the Wake Forest controls. Thus both 

classical single variant as well as gene-based tests (also known as burden tests for rare 

variants) will be possible for both case-control (glaucoma presence/absence) as well as 

within case analyses (quantitative phenotypes).38–41

To expand ED controls, we have established collaborations with the Multi-Ethnic Study of 

Atherosclerosis (MESA) study which had GWAS data on 2623 ED controls. Given that the 

MESA GWAS was conducted on a different platform, we genotyped 86 MESA sample 

together with the ADAGES sample on the same MEGA array. Using the 86 samples with 

both GWAS chip data, we may filter out SNPs with poor imputation quality score.42

MESA (Multi-Ethnic Study of Atherosclerosis): The Multi-Ethnic Study of 

Atherosclerosis (MESA) is a study of the characteristics of subclinical cardiovascular 

disease and the risk factors that predict progression to clinically overt cardiovascular disease 

or progression of the subclinical disease. MESA consisted of a diverse, population-based 

sample of an initial 6,814 asymptomatic men and women aged 45–84. 38 percent of the 

recruited participants were white, 28 percent African American, 22 percent Hispanic, and 12 

percent Asian, predominantly of Chinese descent. Participants were recruited from six field 

centers across the United States: Wake Forest University, Columbia University, Johns 

Hopkins University, University of Minnesota, Northwestern University and University of 

California - Los Angeles. The first examination took place over two years, from July 2000 – 

July 2002. It was followed by four examination periods that were 17–20 months in length. 

Participants have been contacted every 9 to 12 months throughout the study to assess clinical 

morbidity and mortality. 43

Statistical Analysis—All analyses herein were completed using the patient as the unit of 

analysis. For eye specific measurements, the mean of both eyes was calculated for 

continuous variables, and the worse eye for categorical variables. Statistical comparisons 

were completed to identify racial differences and to identify differences between cases and 

controls. Specifically, we analyzed racial differences between AD and ED glaucoma 

patients, AD and ED progressing glaucoma patients, and AD and ED controls without 

glaucoma. In addition, we completed analyses stratified by race to compare AD cases and 

controls, and ED cases and controls. T-tests or Wilcoxon (Mann-Whitney) tests were used to 

evaluate continuous variables, and a chi-square test of association for categorical variables. 

Adjusted analyses were performed through using linear and generalized linear regression 

models including age as a covariate. In cases in linear modelling where the response was not 

normally distributed (e.g. skewness), a suitable transformation was utilized (Box Cox). A p-

value <.05 was considered statistically significant. All statistical analyses were conducted 

using STATA 12.1 for Windows (StataCorp LP, College Station, TX) and R 3.1.0 (http://

www.r-project.org).

Using the gwas data and AIMs on the genotyping chip, we will first carry our principal 

component analysis using smartPCA program.44 Top PCAs will be derived and adjusted in 

the following association analyses to account for potential population structures. Association 

between genetic variants and glaucoma as well as with quantitative measures will be carried 

out using linear mixed models while adjusting for age and top principle components. These 
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analyses will be carried out using the program EPACT 45 and GENESIS 46–48, which have 

implemented statistical methods such as EMMAX 45 to efficiently carry-out the proposed 

tests. Quantile-quantile plots of results will be examined and genomic control will be 

applied as needed.

Power Considerations

We estimated power for both AD and ED studies. In AD, we have 2146 cases and a total of 

2237 controls. For ED, we have 695 cases and 2850 controls. Power was calculated for 

candidate gene/SNP hypothesis (significance level of 0.05 for a single SNP, 0.005 for 10 

SNPs), and for the multiple testing that occurs with a genome wide association analysis 

(p<5×10−8). Thus, for single SNP at genome wide significance level in the AD population, 

our study will have ≥ 86% power to identify novel SNPs with relative genetic risk of 1.4 and 

MAF of 0.2 (Table 2a). For the confirmation study of known genes associated with POAG, 

we calculated power at a significance level of 0.005 (=0.05/10 (POAG genes). Table 2a 

shows that we will have ≥88% power in AD population when the relative genetic risk is 1.2 

and MAF is 0.3. The goal of the GWAS study is to identify novel loci. We understand that 

we can’t identify all risk loci in the current study. Power was therefore estimated power to 

identify at least one locus, assuming there are a total of 25, or a total of 50 loci, that are 

associated with the underlying risk of POAG. Our study will have 83% power to identify at 

least one SNP with genetic relaticve risk of 1.2 and MAF of 0.3 when there are a total of 25 

risk SNPs, and a power of 97% if there are a total of 50 risk SNPs (Table 2b).

For the ED population, we will have ≥80% power to identify novel SNPs with genetic 

relative risk of 1.5 and MAF 0.3 at genome wide significance level; and ≥80% power for the 

confirmation study of known genes when the relative genetic risk is 1.3 and MAF of 0.2. 

The power to identify at least one SNP is greater than 91% when there are a total of 25 risk 

SNPs and the SNP has genetic relative risk of 1.3 and MAF of 0.3. Assuming a total of 50 

risk SNPs, we will have 84% power to identify a SNP with relative genetic risk of 1.3 and 

MAF of 0.2.

For quantitative phenotypes, we calculated power for ADAGES samples: 2146 AD and 695 

ED. At genome-side significance level (p=5×10−8), we will have sufficient power (>=80%) 

to identify novel genes when it explains 1.9% variance in AD, and 5.5% in ED. The 

confirmation study will have >85% power to identify association when SNPs it explains 

0.7% variance in AD sample, or >82% power when the SNP explains 2% of variance in ED 

sample.

Results

Study Population and Baseline Characteristics

Study recruitment began on August 1, 2014 and ended on August 31 2016. This report 

summarizes results on the 3266 participants who met eligibility criteria. After centralized 

review of the patient information, visual fields and stereophotographs by the ADAGES III 

Coordinating Center, 2146 AD POAG patients, 695 ED POAG patients, 198 AD controls, 

and 227 ED controls are included in this report. Recruitment by site, race and study group is 
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presented in Table 3. Demographic information and ocular characteristics are presented in 

Tables 4 and 5. Although blood samples are not available on 222 (6.8%) of the 3266 

participants, we have saliva for DNA extraction on 183/222 (82.4%) of these participants, 

leaving only 39 (1.1%) without a source of DNA for analysis. All eligible participants are 

included in the demographic analyses.

One hundred thirty two participants recruited for participation were excluded due to 1) Non-

African or European descent (POAG: n=9, Controls: none), 2) absence of documented 

glaucomatous structural or functional damage (n=20 AD, n=11 ED), 3) secondary causes of 

glaucoma: n=22 AD, n=12 ED, Controls: 0), 4) ) tested positive for human 

immunodeficiency virus (HIV) or reported a history of hepatitis B or hepatitis C infection 

(POAG: n=33 AD, n=7 ED, Controls: n=2 AD, n=2 ED), 5) self-withdrawal from the study 

(POAG: n= 2 AD, n= 3 ED, Controls: n=1 AD, 0 ED), 6) did not meet inclusion criteria for 

a control (n=7 AD, n=1 ED). These excluded participants are not included in the analyses.

Demographic information and clinical characteristics of the AD and ED glaucoma patients 

and controls are presented in Table 4. The mean (95% CI) age of the AD glaucoma patients 

was similar to the AD control subjects, 67.4 (67.0, 67.9) years and 67.4 (66.1, 68.6) years, 

respectively. The ED glaucoma patients were significantly (p< 0.001) older than the ED 

controls; the mean (95% CI) age was 73.4 (72.6, 74.1) years and 70.2 (69.4, 71.0) years, 

respectively. In addition, AD POAG patients were significantly (p< 0.001) younger than ED 

POAG patients. For these reasons, adjustment for age was completed for relevant analyses. 

The majority of participants were female, with both the AD and ED control groups having a 

significantly higher proportion of female participants than the AD and ED glaucoma patient 

groups. Compared to ED POAG patients, fewer AD POAG patients attended college, were 

currently married, had ever smoked, and currently consume alcohol (all p <0.001).

Systemic conditions

Compared with POAG patients of ED, a significantly (p<0.001) larger proportion of AD 

POAG patients reported having a diagnosis of systemic hypertension (51.4% and 68.9%, 

respectively) and type 2 diabetes (11.1% and 31.2%, respectively). However, a significantly 

(p=0.001) smaller proportion of AD glaucoma patients reported having a diagnosis of 

cardiovascular disease (12.6%) compared to ED glaucoma patients (21.0%). AD glaucoma 

patients were similar to AD controls with respect to self-reported history of type II diabetes, 

cardiovascular disease and systemic hypertension. A similar proportion of ED glaucoma 

patients and controls reported a diagnosis of cardiovascular disease and systemic 

hypertension, but ED controls reported more type II diabetes (18.6%) than ED glaucoma 

patients (11.1%) (p=0.002).

Ocular characteristics

The ocular characteristics of the study population are presented in Table 5. Glaucoma 

patients of AD had higher mean IOP, lower mean CCT, and were more likely to be taking 

glaucoma medications, but less likely to have a history of glaucoma surgery than patients of 

ED (all p<0.001). The visual acuity of AD glaucoma patients was significantly worse than 

those of ED patients; the proportion of patients with a visual acuity 20/50 or worse was 
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43.9% and 32.5% (p<0.001), respectively. Glaucoma patients of AD were also more likely 

to have a first degree relative with glaucoma compared to patients of ED (47.6% and 40.9%, 

respectively), but the difference did not reach statistical significance after adjusting for age 

(unadjusted p =0.002, age adjusted p-value=0.121). Finally, AD glaucoma patients had 

significantly worse mean visual field MD (−9.54 db) compared to ED glaucoma patients 

(−8.17 dB) after adjusting for age (p<0.001). Historical visual field information is available 

on 1426 glaucoma patients. These patients with past VF testing data available have a mean 

of 7.6 visits and 5.6 years of follow-up.

Discussion

ADAGES III is designed to identify glaucoma genes in individuals of African descent. 

Identification of genes associated with POAG in this high-risk, minority population may 

lead to improved predictive models for diagnosis and progression detection, to the 

identification of pathways in the pathophysiology of POAG, and to the discovery of new 

drug targets for therapies to reduce the impact of glaucoma blindness for both the AD 

population, as well as all glaucoma patients. Through its deep phenotyping, and extensive 

biobanking of cell lines, serum, plasma and RNA, ADAGES III will provide important data 

for improving our understanding of the pathophysiology of POAG in this high-risk 

population.

Several lines of evidence support the paradigm that there is a genetic contribution to primary 

open angle glaucoma (POAG). First, there is a high concordance rate of POAG in 

monozygotic twins949 and up to 50% of POAG patients have a positive family history. 50 

First-degree relatives of glaucoma patients have a 22% lifetime risk of developing POAG, 

compared to 2.3% risk in family members of non-glaucoma controls.51 The overall risk of 

developing POAG in 1st degree relatives is 7 to 10 times higher than the general population.
50–52 Second, several rare Mendelian autosomal dominant or recessive diseases with 

glaucoma are well-known in pediatrics; subsequent work among these has identified 

mutations in the MYOC gene that contribute to juvenile open-angle glaucoma (Online 

Mendelian Inheritance in Man (OMIM) #137750); in PITX2 (OMIM#137600), FOXC1 

(OMIM#601631), and PAX6 (OMIM#604229) that contribute to anterior segment 

dysgenesis; in CYP1B1 (OMIM#617315 & #231300) and LTBP2 (OMIM#613086) to 

congenital glaucoma; and in OPTN (OMIM#137760 & #606657) to familial normal-tension 

glaucoma.53 Based on this evidence, genome-wide association studies have been conducted 

more recently to find common variants contributing to adult-onset glaucoma with success, 

beginning with the observation of a strong association with the 9p21 region.54,55 Strikingly, 

this same locus also has a strong association with many adult-onset, common diseases, such 

as coronary artery disease.56,57 A recent meta-analysis of 3,853 cases and 33,480 controls 

from 8 datasets has demonstrated definitive, genome-wide significance, for the 9p21 region, 

and genes TMCO1, AFAP1, FOXC1, ABCA1, ATXN2, SIX6, GAS7, TXRND2.58

In addition, a number of novel associations have recently been identified by GWAS 

including variants near the genes CAV1 and CAV259,60, SIX1 and SIX661, SRBD162, 

CDKN2B54, TMCO154,61, and ELOVL5.62 In addition, ONH structural features (cup disc 

ratio, rim area, cup area, and total disc area) and other risk factors (IOP, CCT) have been 
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analyzed extensively as POAG endophenotypes. 60,63–67 Specifically, CDKN2B 67, 

SIX1/665, ATOH763, CDC763, and CHEK268 have been found to be associated with ONH 

structural measurements while IOP has been linked to genetic factors near the genes 

TMCO169, CAV169, CAV270, FNDC3B69, and GAS7.71 Finally, CCT has been associated 

with FOXO172, ZNF46973, COL5A74, and FNDC3B.74 Recent meta-analyses of large 

cohorts have replicated many of these results and provided some evidence for additional 

genetic associations.68,75 Of note, these results are from populations of European descent 

and there are few studies on the genetics of POAG in populations of African descent. The 

Barbados Family Study of Open-Angle Glaucoma and a study of West Africans have shown 

regions on chromosomes 2p, 2q, and 10p to be linked to POAG76,77 and regions on 5q and 

14q to elevated IOP78 in populations with African descent. Genes for these loci have not yet 

been clearly characterized. Candidate gene studies that have included Africans or African-

Americans also confirm the association of 9p21 and perhaps SIX6. 79 Since up to now 

genetic studies of subjects with African descent have been much smaller, additional and 

larger genetic studies of POAG in African-Americans are warranted.

ADAGES III will test top results from large established GWAS cohorts of glaucoma in 

individuals of ED, the NEIGHBOR and GLAUGEN NEIGHBORHOOD (n=4500 cases) 

consortium,80,81 a unique collaborative effort involving investigators located throughout the 

United States. The goal of the consortium is to identify genetic variants associated with 

POAG in ED using an initial approach of GWAS. The eventual outcome of this work is to 

elucidate the molecular pathogenesis of POAG making it possible to implement effective 

screening and prevention strategies and to develop improved and novel therapies. We plan to 

identify whether and how the top results in subjects with AD are generalizable to individuals 

of ED through collaboration with the NEIGHBORHOOD consortium. More recently, the 

Primary Open-Angle African American Glaucoma Genetics (POAAGG) study,82 a large 

single-site study in Pennsylvania was initiated to investigate the genetics of African 

Americans. Other smaller studies probably have limited power to identify genes associated 

with POAG in AD individuals.83 ADAGES contribution will come both from its sample size 

and its detailed phenotyping, allowing assessment of the genetic contribution of glaucoma 

related quantitative traits, as well as comparing progression to non-progression. This paper 

describes the composition and types of data of the ADAGES III study. The study initially 

plans individual analyses utilizing the data described herein. In the longer term, the 

investigators of the study fully realize that the greatest success in the genomics field has 

come from consortium efforts that combine from a number of studies.58,84 We have initiated 

such efforts at establishing an African origin POAG GWAS consortium, specifically to 

maximize the power of several different investigative teams.

An advantage of this study is that participants are recruited from different regions in the 

United States. While the largest single recruitment of AD subjects were ascertained from 

New York, the study included many additional subjects; in order, from Alabama, Georgia, 

Texas and San Diego. We know that the ethnic background of the AD community in New 

York City population consists of a diverse group of immigrants including persons from the 

United States, the Caribbean, South America, and Africa, while the AD community in 

Alabama and Georgia consists mostly of individuals born in the South of the United States.
85,86 The history of the AD population in the United States suggests that the genetic 
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composition of this population may be modeled as an admixed population with genetic 

contribution from the continents of West Africa and Europe. While European and West 

African populations diverged as the result of different selective pressures over millennia, 

these populations were mixed as the result of the slave trade that brought West Africans to 

the Americas beginning in the 16th Century. This admixture creates two characteristics of the 

genomes of AD individuals: (1) mosaic chromosomes containing long segments from 

distinct continents87,88, but yet (2) shorter linkage disequilibrium within segments from 

African populations89–91. We have shown that in the ADAGESII cohort, the median African 

admixture among 244 self-reported AD was 92.0% (IQR: 75.4–97.5%), and among 245 self-

report ED subjects was 0.54% (IQR: 0.39–0.98%). We found92 that a higher African 

admixture proportion was significantly correlated to a thinner cornea (ρ =−0.27; p<0.0001) 

and a larger disc area (ρ= 0.15; p<0.0001), and marginally associated with RNFL thickness 

(ρ = 0.20; p-value =0.092) in models adjusting for age, gender and diagnostic category. 

These characteristics present both the challenge to properly account for the population 

structure and to lower the false positive rate of the association study and, at the same time, 

the opportunity to perform joint ancestry and association testing.93 Therefore, this study will 

reflect the diverse genetic make-up of the individuals of AD in the United States, and 

evaluate whether biogeographic ancestry plays a role in the genetics of POAG in this 

population. Another advantage of this study is that a subset of participants are ADAGESII 

and DIGS participants with over 10 years of extensive ocular measurements and structural 

and functional testing. These data present a unique opportunity to analyze quantitative traits 

of progressing glaucoma patients at the highest risk of visual impairment and blindness from 

the disease.

The 3266 individuals recruited to participate in ADAGES III are included in this report. 

Consistent with other studies,94,95 the ADAGES III AD glaucoma patients are younger, have 

more self-reported diabetes and systemic hypertension, and have a higher BMI than ED 

glaucoma patients. For this reason, we controlled for the influence of age in our analyses. In 

addition, despite being younger, AD glaucoma patients have worse severity of disease as 

characterized by visual field MD, and worse visual acuity than the ED glaucoma patients 

enrolled in the study. AD glaucoma patients are also significantly less likely to have had 

cataract and glaucoma surgery than ED glaucoma patients, but are more likely to be on 

glaucoma medications (age-adjusted p<0.001 for all comparisons).

There are several possible limitations to this study. First, ADAGES recruited participants 

from 4 academic centers and one private practice, and therefore the enrollees may not be 

fully generalizable to the population of African and European descent individuals with 

POAG. However, its large sample size and inclusion of patients from 5 geographic locations 

provides a diverse cohort of AD and ED participants21 and therefore enhances its likelihood 

of generalizability to the U.S. AD population. Moreover, although the recruitment in New 

York, Alabama, San Diego and Texas are based at academic centers, satellite clinics of 

general ophthalmic practices in NY were utilized as recruitment centers and the GA study 

center was based in a large private ophthalmic practice. It is still possible, however, that 

there may be biases in the referral to academic centers that affects the generalizability of the 

results. Second, there are a small number of AD and ED controls without glaucoma 

participating in the study. A variety of convenience controls will be utilized to increase the 

Zangwill et al. Page 14

Ophthalmology. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



size of the control group and improve the power to detect both common and rare variants in 

the case control analysis. However, as this is a descriptive report comparing characteristics 

of the various diagnostic groups and does not include hypothesis testing, we did not formally 

adjust the p-values for multiple comparisons.

In summary, with its large sample size, extensive specimen collection and deep phenotyping 

of glaucoma patients and controls of AD and ED from different regions in the United States, 

the ADAGES III Genomics Study will address gaps in our knowledge of the genetics of 

POAG in this high-risk population. The planned genotyping will improve our understanding 

of the genetics of POAG in individuals of AD and set the stage for developing methods for 

individualized assessment of the risk of developing progressive POAG, and personalized 

treatment options.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The African Descent and Glaucoma Evaluation Study (ADAGES) Genomics Study Study 

Design Flow Chart. Outline of specimen and data flow among recruiting sites, the UCSD 

ADAGES Coordinating Center & BioBank and the UCLA LA Biomedical Research 

Institute Harbor UCLA.
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