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Purpose: Primary open-angle glaucoma (POAG) is a degenerative eye disease for which early 

treatment is critical to mitigate visual impairment and, in severe cases, irreversible blindness. 

POAG-associated loci individually confer incremental risk. Genetic risk score(s) (GRS) could 

enable POAG risk stratification. Despite significantly higher POAG burden among individuals of 

African ancestry (AFR), GRS are limited in this population. A recent large-scale, multi-ancestry 

meta-analysis identified 127 POAG-associated loci and calculated cross-ancestry and ancestry-

specific effect estimates, including in EUR and AFR individuals. We assessed the utility of the 

127-variant GRS for POAG risk stratification in EUR and AFR Veterans in the Million Veteran 

Program (MVP). We also explored the association between the GRS and documented invasive 

glaucoma surgery (IGS).

Design: Cross-sectional study.

Participants: 5830 POAG cases (445 with IGS documented in electronic health record) and 

64476 controls with imputed genetic data from the MVP.

Methods: We tested unweighted and weighted GRS of 127 published risk variants in EUR (3382 

cases, 58811 controls) and AFR (2448 cases, 5665 controls) Veterans in the MVP. Weighted GRS 

were calculated using effect estimates from the most recently published report of cross-ancestry 

and ancestry-specific meta-analyses. We also evaluated GRS in POAG cases with documented 

IGS.

Main Outcome Measures: Performance of 127-variant GRS in EUR and AFR Veterans for 

POAG risk stratification and association with documented IGS.

Results: GRS were significantly associated with POAG (p<5×10−5) in both groups; a higher 

proportion of EUR compared to AFR cases were consistently categorized in the top GRS decile 

(21.9–23.6% and 12.9–14.5%, respectively). Only GRS weighted by ancestry-specific effect 

estimates were associated with IGS documentation in AFR cases; all GRS types were associated 

with IGS in EUR cases.

Conclusions: Varied performance of the GRS for POAG risk stratification and documented IGS 

association in EUR and AFR Veterans highlights (i) the complex risk architecture of POAG, (ii) 

the importance of diverse representation in genomics studies that inform GRS construction and 

evaluation, and (iii) the necessity of expanding diverse POAG-related genomic data so that GRS 

can equitably aid in screening individuals at high risk for POAG and who may require more 

aggressive treatment.

Primary open-angle glaucoma (POAG) is an age-related eye disease characterized by 

progressive damage to the optic nerve which typically manifests as loss of peripheral 

vision.1 POAG is the most common type of glaucoma and the leading cause of irreversible 

blindness worldwide.2,3 Because POAG is an age-related condition, the prevalence is 

expected to rise with the increase in size of the population over age 65 such that, by 

2040, nearly 80 million individuals around the world are predicted to be affected by 

POAG.3,4 POAG is highly heritable,5,6 and its susceptibility is shaped by both genetic and 

environmental risk factors.7 To date, more than 127 loci have been identified as associated 

with POAG risk through genetic studies including genome-wide association studies (GWAS) 

and meta-analyses.8 While more recently discovered POAG-associated loci were identified 

through studies of multi-ancestry cohorts,8–14 most studies have been conducted within 
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populations of non-Hispanic European ancestry (EUR)15–23 even though the prevalence of 

POAG is higher in other ancestral groups, especially in individuals of non-Hispanic African 

ancestry (AFR).24

POAG often develops earlier and results in more severe disease outcomes such as 

irreversible blindness in AFR individuals compared to individuals from other ancestral 

groups (reviewed in25). Such severe outcomes may be mitigated through earlier detection 

and treatment interventions aimed at lowering the elevated intraocular pressure (IOP), the 

most common risk factor for POAG.26 When pharmacologic and/or laser treatment methods 

fail to meet treatment goals, micro invasive surgical options are implemented in mild 

or moderate cases while invasive glaucoma surgery (IGS), such as trabeculectomies and 

glaucoma drainage implants (GDI) like tube shunts, are utilized in those with a more severe 

or refractory disease course.27 Therefore, improved POAG management would result from 

risk stratification methods that identify those who might develop POAG as well as those at 

risk for more aggressive disease progression resulting in need for IGS.

Genetic risk score(s) (GRS) and polygenic risk score(s) (PRS), which aggregate the additive 

effects of particular genetic variants, have been evaluated for prediction of many complex 

traits28 including age-related macular degeneration,29,30 breast cancer,31 cardiovascular 

disease,32 and Alzheimer’s disease.33 Typically, GRS aggregate effects of variants detected 

at genome-wide levels of significance in one or multiple studies; whereas, PRS extend to 

include additional genetic variation depending on preferred significance and level of linkage 

disequilibrium with surrounding genomic regions.34 Recent evidence indicates the utility 

of GRS and PRS for POAG prediction and risk stratification.15,35–40 For example, in EUR 

individuals, GRS and PRS were associated with POAG age of diagnosis and disease-relevant 

clinical parameters.35,36 Therefore, in the future, GRS may serve as a possible surrogate 

measure to assess POAG risk and inform recommendations for increased screening to 

facilitate early intervention.4,27

GRS and PRS are often calculated within a single genetic ancestry; therefore, they 

are limited in their potential for clinical implementation across different ancestries.41,42 

Broader representation in genomics studies by including data from populations that 

have been historically underrepresented in research will inform more precise prediction 

models.43–45 One way to increase diversity in genetic studies is to access large-scale 

multi-ancestry biobanks linked to electronic health records (EHR), which have facilitated 

the discovery of risk loci for several complex traits.46,47 The Million Veteran Program 

(MVP) was established by the Department of Veterans Affairs (VA) Office of Research 

and Development (ORD) and has thus far enrolled over 800000 U.S. Veterans.48 Because 

the Veteran population includes older individuals at risk for age-related eye conditions, the 

Veterans Health Administration has experienced an increasing number of ocular disease 

diagnoses (i.e. age-related macular degeneration, cataract, and POAG) and use of eye care 

services in recent years.49,50 Previous analysis of the genetic ancestry of the MVP study 

population demonstrated that about 29% of MVP-enrolled Veterans are of ancestries that 

have been historically underrepresented in GWAS.51 Here, we leveraged the MVP EHR and 

genetic data to study the utility of previously identified POAG risk variants for predicting 

POAG across at-risk, demographically diverse populations.
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Methods

Study Participants

The MVP is a national research program comprised of health, genetic, and lifestyle 

information for more than 800000 US military Veterans who provided informed 

consent to participate in this observational cohort study and mega-biobank (https://

www.research.va.gov/mvp/). Over 450000 Veterans have genome-wide data available.51 

Genetic ancestry of MVP participants was determined using the Harmonized Ancestry 

and Race/Ethnicity (HARE) algorithm.52 We used a previously validated computable 

phenotyping algorithm53 based on structured diagnosis data (ICD-CM) codes, Current 

Procedural Terminology (CPT) codes, and prescriptions to identify POAG cases and controls 

in the VA Computerized Patient Record System.54 Cases and controls were required to 

have ≥2 eye clinic procedural codes; exclusion codes indicative of other ocular conditions 

that could interfere with POAG case/control classification were used to refine phenotype 

definitions. Cases were required to be ≥30 years old, have ≥6 POAG diagnosis codes, and 

have semi-structured medication data for ≥2 separate IOP-lowering prescriptions. Controls 

were required to be ≥65 years old and have records free of POAG inclusion codes. 

This algorithm extracted data for Veterans of non-Hispanic European ancestry (EUR) and 

non-Hispanic African ancestry (AFR) and classified 5830 POAG cases (3382 EUR and 

2448 AFR) and 64476 controls (58811 EUR and 5665 AFR) with imputed genetic data 

available.51 This study adhered to the tenets of the Declaration of Helsinki and was approved 

by the VA ORD Central Institutional Review Board.

POAG-associated Variant GRS Definition

We calculated GRS based on 127 POAG-associated variants (Table S1, available at 

www.aaojournal.org) that were identified in the largest to-date cross-ancestry GWAS meta-

analysis and for which cross-ancestry and ancestry-specific effect estimates were generated. 

Published cross-ancestry effect estimates were available for all 127 variants in the study. 

However, published ancestry-specific weights for the AFR group were only available for 

118 of the 127 variants due to unavailability or low minor allele frequency in the published 

meta-analysis. The published effect sizes varied by ancestral group for these variants;8 

therefore, we examined heterogeneity between AFR and EUR Veterans in the MVP using a 

fixed-effects inverse-variance weighted approach and summarized them by Cochran’s Q and 

I2 measures. A p-value of less than 0.1 was used for Cochran’s Q, while I2 values of greater 

than 50% indicated moderate to very large heterogeneity.

Within each ancestral group (AFR and EUR), two models were considered: an unweighted 

additive model, which summed risk allele dosage for the K = 127 variants:

GRSunweigℎted i = ∑
k = 1

K
Mik,  M = risk allele dosage, 0 < M < 2; i = individual 

and a weighted additive model of the K = 127 variants, which weights each variant’s risk 

allele dosage by its published effect estimate8 before summing:
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GRSweigℎted i = ∑
k = 1

K
βkMik, β = log odds ratio

Odds ratios (ORs) were converted to log OR (betas). Unweighted GRS used risk alleles 

defined by OR>1 in cross-ancestry analyses. For the weighted models, we applied (i) cross-

ancestry and (ii) ancestry-specific effect estimates from the most recently published multi-

ancestry POAG meta-analysis.8 All GRS were standardized with mean zero and standard 

deviation of one for the ease of comparison.

Evaluation of GRS for POAG Risk Stratification

We performed logistic regression-based association analyses of GRS against POAG case-

control status in EUR and AFR Veterans (Fig 1). We evaluated an unadjusted model as 

well as a model adjusting for age, sex, and 10 sample-specific principal components (PCs). 

We also tested for association between deciles of GRS and POAG case-control status using 

the middle 20% (percentiles 40–60%) as the reference. To evaluate model performance, 

we constructed receiver operator characteristic (ROC) curves for both unadjusted and 

adjusted models and estimated the area under the ROC curve (AUC) for each model 

using the pROC R Package (https://cran.r-project.org/web/packages/pROC/). We statistically 

compared GRS across ancestral groups using an extension of DeLong’s test for independent 

ROC curves. We also calculated case proportion by GRS decile, which was the number 

of cases in each decile divided by the total number of cases in the study. We calculated 

precision-recall curves (PRC) and area under the PRC (AUC-PRC), which may provide 

more information when there is imbalance between sample sizes of cases and controls.55 

To examine robustness of AUC and AUC-PRC against case imbalance, we down-sampled 

controls by randomly selecting controls to equal the number of cases in 1000 iterations using 

the caret R package.56

To further explore the estimated proportion of variance of POAG explained by each GRS, 

we calculated coefficients of determination (R2) on the observed scale (Nagelkerke’s)57 and 

the liability scale58 using a fixed disease prevalence of 2.4%.59 While disease prevalence 

varies between ancestral groups, we used a single value for the sake of comparison. The 

liability scale accounts for differences in ascertainment, which are apparent in the MVP 

groups: the case proportions are 0.302 and 0.054 in AFR and EUR Veterans, respectively. 

To partition the variance explained, we included the following variables in our models (i) 

age and sex, (ii) age, sex, and 10 PCs, and (iii) age, sex, 10 PCs, and each 127-variant GRS 

(unweighted, cross-ancestry meta-weighted, and ancestry-specific weighted). We calculated 

increases in R2 with the addition of each model variable. We also calculated the variance 

explained by the inclusion of GRS based on the single variant that achieved genome-wide 

significance in the published AFR-specific analysis (IQGAP1 variant rs16944405) with the 

127-variant GRS in addition to our model variables: age, sex, 10 PCs. Differences in R2 and 

AUC were calculated with the inclusion of the IQGAP1 variant.
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Association between GRS and Documented IGS

To further explore risk stratification among POAG cases, we evaluated GRS association 

with documented IGS (Fig 1). Three IGS case groups were considered for these analyses 

based on the CPT codes contained in the VA EHR: (i) trabeculectomy (CPT 66180 or 

66179), (ii) GDI (CPT 66172 or 66170), and (iii) either trabeculectomies or GDI (any of the 

aforementioned CPT codes). Controls consisted of Veterans diagnosed with POAG who had 

not undergone trabeculectomies nor had GDI, as indicated by their lack of CPT codes for 

these procedures in their VA EHR.

We performed logistic regression-based association analyses of the unweighted and 

weighted GRS and binary IGS phenotypes, evaluating unadjusted models as well as models 

adjusting for age, sex, and 10 sample-specific PCs. We also performed logistic regression-

based analyses to test for association between deciles of GRS and each IGS case group. 

The top decile (top 10%) was compared to the bottom 9 deciles (bottom 90%), which 

were used as the reference in these analyses. We also examined case proportion by decile 

for our comparisons. To evaluate GRS performance, we created and statistically compared 

ROC curves for our models. Comparisons across ancestral groups for each IGS status used 

an extension of DeLong’s test for independent ROC curves. Weighted versus unweighted 

GRS were statistically compared using DeLong’s test for correlated ROC curves. We also 

calculated PRC and AUC-PRC for these models.

Results

Study Demographics for POAG Cases and Controls

Our study population (Table 1) consisted of 5830 POAG cases (2448 AFR and 3382 EUR) 

and 64476 controls (5665 AFR and 58811 EUR) with imputed genetic data from the MVP. 

The majority of the sample was male (n = 68581; 97.5%). The average age for AFR 

cases (66.82±9.46 years) was significantly lower than the average age for AFR controls 

(70.99±6.70 years) in this dataset (p < 2 × 10−16) (Table 1). By contrast, the average ages 

among EUR cases and controls (73.32±9.55 and 73.11±7.30 years, respectively) were not 

significantly different (p = 0.20) (Table 1).

Variant Properties

From our heterogeneity analyses (full results in Table S1, available at www.aaojournal.org), 

we found that 20 of the 127 variants had Cochran’s Q p-value less than 0.10. I2 values 

ranged from 0–92.66%, with IQR of 0–38.10%. We also found that 25 of the variants had I2 

values greater than 50%, indicating moderate to very large heterogeneity.

Evaluation of GRS for POAG Risk Stratification

We plotted the distributions of GRS by POAG case-control status for each ancestral 

group and model combination (Fig S1, available at www.aaojournal.org). All GRS were 

significantly associated (p < 0.05) with POAG status in both unadjusted and adjusted models 

in both ancestral groups (Table S2, available at www.aaojournal.org). We calculated log 

odds ratios (beta) with 95% confidence intervals for deciles of GRS using the middle 20% 

as the reference (Fig 2A–C; Table S3, available at www.aaojournal.org). We found that beta 
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estimates were higher for GRS calculated for EUR compared to AFR Veterans (unweighted: 

1.04 vs. 0.54, cross-ancestry meta-weighted: 1.14 vs. 0.59, and ancestry-specific: 1.15 

vs. 0.29) (Table S3, available at www.aaojournal.org). While the beta estimates generally 

increased across deciles, the trend is stronger in EUR compared to AFR individuals (Fig 

2A–C; Table S3, available at www.aaojournal.org). This is echoed in the ROC analysis 

(Fig 2D–F) which showed significant differences between the AFR and EUR AUCs in 

the unadjusted models (Table 2). In the adjusted models, we did not detect significant 

differences between AFR and EUR AUCs for the meta-weighted and ancestry-specific GRS 

(p = 0.053 and 0.43, respectively) (Table 2). Moreover, POAG case proportions consistently 

increased for each GRS type calculated for EUR individuals, with over 20% present in the 

highest risk deciles (Fig 3). By contrast, POAG case proportions only consistently increased 

across cross-ancestry meta-weighted GRS deciles in AFR individuals (Fig 3).

In our unadjusted models, the EUR AUCs were higher than the AFR AUCs, but 

in our adjusted models, the AFR AUCs were higher than the EUR AUCs (Table 

2). Because of these trends, we explored the estimated proportion of POAG variance 

explained by covariates and each GRS in our adjusted models (Table S4, available at 

www.aaojournal.org). We found that covariates alone (age, sex, and 10 sample-specific PCs) 

explained a higher proportion of POAG variance (calculated as coefficients of determination 

[R2] on both the observed scale [Nagelkerke’s] and liability scale) in AFR Veterans than 

EUR Veterans (Table S4, available at www.aaojournal.org). Moreover, the addition of 

the different GRS types (unweighted, cross-ancestry meta-weighted, and ancestry-specific 

weighted) resulted in a larger increase in the R2 values calculated for EUR Veterans than 

AFR Veterans. These observations suggest that the addition of covariates alone improved 

AUC estimates in AFR Veterans while GRS types were more informative for EUR AUCs 

in our adjusted models (Table S4, available at www.aaojournal.org). The addition of 

the IQGAP1 variant (rs16944405) resulted in small increases in R2 for unweighted and 

ancestry-specific weighted GRS and a decrease in R2 for cross-ancestry meta-weighted 

GRS (Table S4, available at www.aaojournal.org). We found no significant differences in 

AUC with the addition of the IQGAP1 variant (Table S5, available at www.aaojournal.org). 

We also tested the robustness of AUC (Fig 2D–F) and AUC-PRC (Fig S2, available at 

www.aaojournal.org) to case-control imbalance using down-sampling. While AUC-PRC was 

consistently a 0.01 lower than AUC, the results were comparable and preserve differences 

between AFR and EUR analyses (Fig S3, available at www.aaojournal.org). Additionally, 

we found that mean AUCs from down-sampling (Fig S3, available at www.aaojournal.org) 

were comparable to those calculated in the full dataset (Fig 2D–F; Table 2).

Association between GRS and Documented IGS

We calculated unweighted and weighted GRS for POAG cases who had or had not 

undergone IGS (Table S6, available at www.aaojournal.org). In total, 222 EUR and 223 

AFR individuals had at least one type of IGS documented in their EHR, and 3160 EUR and 

2225 AFR individuals had POAG but did not have any type of IGS documented in their 

EHR (Table S6, available at www.aaojournal.org). Among the individuals with documented 

IGS, 107 EUR and 123 AFR had trabeculectomies, and 156 EUR and 149 AFR had GDI 

(Table S6, available at www.aaojournal.org).
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We evaluated the association of the 127-variant GRS with IGS types documented in the VA 

EHR and observed significant associations in both AFR and EUR individuals. The GRS 

we calculated (unweighted, cross-ancestry meta-analysis weighted, and ancestry-specific 

weighted) were significantly associated (p < 0.05) with having any type of IGS documented 

in the VA EHR for EUR individuals (Table 3). In AFR individuals, an association between 

GRS and IGS status was only detected with the ancestry-specific GRS (p = 0.0024 and 

0.0018 in the unadjusted and covariate-adjusted models, respectively) (Table 3). Upon 

closer examination of associations with specific IGS types (trabeculectomies or GDI), 

we observed differences between GRS calculated for EUR and AFR individuals (Table 

S7, available at www.aaojournal.org). In AFR individuals, cross-ancestry meta-analysis 

and ancestry-specific GRS were associated with documented trabeculectomy (Table S7, 

available at www.aaojournal.org). Whereas, in EUR individuals, all GRS approaches were 

associated with documented GDI (Table S7, available at www.aaojournal.org).

A higher proportion of EUR versus AFR Veterans with any documented IGS fell within the 

highest GRS deciles, regardless of GRS type (Fig S4G–I, available at www.aaojournal.org). 

However, we only observed a significant difference between the top decile vs. the bottom 9 

deciles for the ancestry-weighted GRS (Fig 4C; Table S8, available at www.aaojournal.org). 

We did not observe significant differences in GRS performance for identifying EUR and 

AFR Veterans with any IGS documented in the MVP, but some AUCs were higher in a 

particular ancestral group for a particular IGS type (Table S9; Figs S5 and S6, available at 

www.aaojournal.org).

Discussion

We evaluated the predictive ability of GRS for POAG and IGS based on 127 POAG-

associated variants identified through the most recently published large-scale, multi-ancestry 

GWAS.8 This included evaluations of unweighted GRS and weighted GRS using published 

cross-ancestry and ancestry-specific effect estimates.8 Our findings demonstrated that the 

127-variant GRS was significantly associated with POAG in EUR and AFR Veterans (p < 

5×10−5) and better classified POAG status in EUR as compared to AFR cases in the MVP. 

In the subset of MVP POAG cases, we also detected association (p < 0.05) between the 

127-variant GRS and documented IGS. We further determined that the highest GRS deciles, 

regardless of effect estimate weights, categorized a higher proportion of EUR Veterans with 

IGS as compared to AFR Veterans but still only categorized at most about 15% of IGS 

documentations in the VA EHR.

In the top GRS decile in each of our analyses, the 127-variant GRS identified a higher 

proportion of EUR POAG cases than AFR POAG cases (21.9–23.6% and 12.9–14.5%, 

respectively) (Fig 3). We previously evaluated GRS based on 83 POAG-associated variants; 

this GRS also identified EUR POAG cases more consistently than AFR POAG cases (top 

deciles: 13.2% and 9.6%, respectively).60 In our present study, we demonstrated that, even 

with the addition of 44 POAG risk variants newly identified from a cross-ancestry meta-

analysis,8 GRS still performed better in EUR individuals as compared to AFR individuals. 

Moreover, the addition of the only genome-wide significant variant from the published AFR-

specific analysis (rs16944405 in IQGAP1)8 to the GRS we evaluated in this study did not 
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result in significant change in Nagelkerke’s R2 (Table S4, available at www.aaojournal.org) 

or AUC (Table S5, available at www.aaojournal.org). These observations emphasize the 

need for more diverse participant inclusion in POAG genetics research to facilitate the 

discovery of additional AFR-specific POAG-associated variants,8,12,13 which may improve 

our understanding of the complex genetic architecture of POAG and contribute to more 

informative POAG GRS.

Other GRS and PRS approaches have been applied to POAG in AFR individuals, albeit 

typically in studies with smaller sample sizes and often with variants identified in EUR 

GWAS. GRS of 10 POAG-associated variants identified in EUR GWAS were significantly 

associated (p = 0.00086) in African American prevalent cases (n = 658) compared to 

controls (n = 6067) but were not associated (p = 0.23) in 1062 African American incident 

cases.61 GRS comprised of 23 POAG risk variants from the NHGRI-EBI GWAS Catalog 

were significantly associated (p < 0.001) with POAG in the Primary Open-Angle African 

American Glaucoma Genetics (POAAGG) study, which included 3830 and 2135 individuals 

in their discovery and replication cohorts, respectively.11,62 A 400-variant PRS based on the 

results of a GWAS performed in 1875 POAG cases and 1709 controls of African ancestry 

ascertained by the African Descent and Glaucoma Evaluation Study (ADAGES) III and at 

Wake Forest School of Medicine achieved an AUC of 0.94.63 The predictive ability of this 

particular GRS may be inflated due to overfitting, as it was calculated in the sample used 

to select variants and estimate their effect sizes. Nevertheless, these observations emphasize 

the importance of having multiple independent studies with diverse ancestral representation 

and developing ancestry-specific risk scores based on genetic data. This point is particularly 

relevant for individuals of admixed genetic ancestry for whom ancestry-specific GRS based 

on a single continental genetic ancestry may insufficiently represent their genomic profile. 

For AFR Veterans in the MVP, the median proportion of AFR global genetic ancestry 

(calculated using ADMIXTURE 1.364 and reference populations in the 1000 Genomes 

Project65) was 0.83; whereas the median proportion of EUR global genetic ancestry for EUR 

Veterans in the MVP was 0.97 (Table S10, available at www.aaojournal.org). Therefore, 

future studies need to prioritize diverse representation, especially individuals with different 

levels of admixed genetic ancestry.

Several prior studies have evaluated the predictive capabilities of GRS and PRS for POAG 

endophenotypes (e.g. vertical cup-to-disc ratio (VCDR) and IOP) and have generally 

predicted glaucoma with AUCs ranging from 0.7 to 0.8.15,35–38 Quantitative POAG 

endophenotypes, including IOP and VCDR, are not currently available for analysis as a 

part of the MVP, so we were unable to evaluate the performance of the 127-variant GRS for 

variation in these clinical measures.

The goal of IGS is to reduce elevated IOP in patients for whom less invasive POAG 

treatment options (e.g. IOP-lowering drops, laser trabeculoplasty, and microinvasive 

glaucoma surgery) have not been effective despite adequate treatment compliance.27 

Previous studies have reported associations between risk scores and the need for incisional 

surgery as well as other clinical POAG outcomes including maximum IOP, POAG severity, 

and number of POAG-affected family members.35,36 However, neither of these studies 

examined this phenomenon in AFR individuals, for whom POAG risk is higher. We posit 
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that predictive tools like GRS could be used to stratify POAG patients based on whether they 

might advance to severe POAG and require IGS. We examined the ability of the 127-variant 

GRS to stratify POAG cases by documented IGS. We found that the top GRS deciles 

consistently categorized a higher proportion of EUR Veterans who had IGS documented in 

their VA EHR compared to AFR Veterans (Fig S4G–I, available at www.aaojournal.org). 

However, it is important to note both the poor overall performance of these models based 

on AUC (Table S9 and Fig S5, available at www.aaojournal.org) and AUC-PRC (Fig 

S7, available at www.aaojournal.org) as well as the influence of non-genetic risk factors, 

including access to eye care and treatment adherence, that are important risk factors that 

contribute to disease progression and the need for IGS.66 Therefore, considerations about 

GRS for IGS prediction warrant more comprehensive risk model assessments before they 

can be appropriately and equitably introduced to the clinic.

We detected associations between the GRS and specific IGS types (Table S7, available 

at www.aaojournal.org); however, it is important to note that the type of surgery 

performed is provider-dependent. Historically, trabeculectomies were preferred over tube-

shunt procedures except in refractory cases or those at high risk for filtration failure.67 

However, the number of tube-shunt implantations (e.g. GDI) in individuals with medically 

uncontrolled POAG has increased in recent years due to (i) the concern over long-term 

trabeculectomy-related complications, (ii) improved efficacy of tube shunts, and (iii) 

the higher rate of surgical success of tube shunts demonstrated by the Tube Versus 

Trabeculectomy (TVT) study.68 Therefore, from a clinical perspective, associations found 

with GRS and any type of IGS provide the most clinically useful information compared to 

associations for a particular IGS (trabeculectomy vs. GDI). Additional research is needed to 

evaluate the utility and implementation of predictive methods like GRS for risk stratification 

and clinical decisions in glaucoma care.

Phenotype definition differences between large POAG studies are important to consider 

when using previously published effect estimates and risk variants in GRS analyses. 

Because POAG is phenotypically heterogeneous, consistency in phenotype definitions for 

POAG may not be feasible across samples comprising meta-analyses8 or of biobank mega-

analyses;69 this lack of consistency can contribute to diminished statistical power to detect 

true association signals. In our study, we defined POAG case-control status based on a 

computable phenotyping algorithm,53 which we previously developed and validated in 

conjunction with eye clinic staff (optometrists and ophthalmologists with access to gold-

standard clinical diagnosis data).53 Further, we ensured that phenotyping performance was 

consistent between EUR and AFR Veterans in the MVP.53

The EHR-linked MVP mega-biobank represents an important opportunity to independently 

evaluate POAG GRS in diverse populations using previously discovered POAG-associated 

variants and loci. Other GRS and PRS studies can suffer from performance overestimation 

when they use the same data to determine GWAS-based effect estimates and evaluate risk 

score performances.70,71 Additionally, the MVP database has greater ancestral diversity 

compared to other large biobanks. Historically, the majority of complex disease genetics 

research has consisted of data from EUR individuals,45 and the information gleaned from 

these studies has generally not replicated well in other ancestral groups,72–75 especially 
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for AFR and admixed individuals.41,76 This disparity is particularly pertinent for POAG 

risk prediction in AFR individuals because POAG is more common,24 presents earlier,77 

and progresses faster in AFR populations.25,78–80 As almost 30% of the Veterans enrolled 

in the MVP are of non-European ancestry,81 we were able to include a large number 

of AFR individuals (n = 2448 cases and 5665 controls) in this study. Despite having a 

sufficient sample size to power our calculations, we found that the GRS underperformed 

for AFR individuals (Fig 3). Based on previously described GRS limitations74,75,82,83 and 

the findings from this study, it is clear that greater ancestral diversity in genetics research 

is needed so that (i) health disparities are not further exacerbated in already medically 

underserved populations and (ii) the clinical utility of risk models based on genetic data are 

not limited in applicability across groups.

We recognize that there are limitations to this study. Due to the historical predominance 

of males in the U.S. military, the MVP consists mostly of males (92%);48 97.5% of the 

participants in this study were male due to the age criteria we used to define POAG 

cases and controls. Therefore, additional studies should be conducted to evaluate the 

performance of POAG GRS in females. Moreover, because the MVP is an EHR-linked 

biobank for Veterans who sought care through the VA healthcare system, we do not have 

access to information regarding diagnoses and procedures Veterans may have received from 

non-VA facilities. Although we calculated and evaluated GRS in EUR and AFR individuals, 

we did not examine the POAG risk architecture in other ancestral groups. Future work 

should expand GRS approaches to additional ancestral groups. Additionally, we limited 

our GRS to include only the 127 POAG-associated variants described in the largest-to-date 

cross-ancestry POAG meta-analysis, and ancestry-specific weights for the AFR group were 

unavailable for 4 variants on the X chromosome. Therefore, future work should consider the 

potential contributions of genetic variation beyond these 127 variants, especially for the sex 

chromosomes.

In summary, we leveraged the MVP, a large, multi-ancestry biobank linked to EHR data, 

to evaluate genetic risk for POAG. While GRS have clinical potential, inclusion of diverse 

ancestral groups in genomics research is needed to ensure that GRS are equitable and 

actionable.75,84 The results from this study further emphasize the necessity of including 

data from historically underrepresented populations in biobanks and biomedical research 

databases. Employing this strategy would improve understanding of POAG risk and disease 

management across diverse populations, including populations with high POAG burden.
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Abbreviations and acronyms

1KGP3 1000 Genomes Phase 3

ACB African Caribbean in Barbados

ADAGES African Descent and Glaucoma Evaluation Study

AFR African ancestry

ASW African Ancestry in Southwest USA

AUC area under the curve

AUC-PRC area under the precision-recall curve

CEU Utah residents with Northern and Western European ancestry

CI confidence interval

CPT Current Procedural Terminology

EHR electronic health record

ESN Esan in Nigeria

EUR European ancestry

FIN Finnish in Finland

GBR British in England and Scotland

GDI glaucoma drainage implants

GRS genetic risk score(s)

GWAS genome-wide association study

GWD Gambian in Western Division, The Gambia

HARE Harmonized Ancestry and Race/Ethnicity

HTG high-tension glaucoma

IBS Iberian populations in Spain

IGS invasive glaucoma surgery
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IOP intraocular pressure

IQR interquartile range

LWK Luhya in Webuye, Kenya

MSL Mende in Sierra Leone

MVP Million Veteran Program

NTG normal-tension glaucoma

OR odds ratio

ORD Office of Research and Development

PC principal component

POAAGG Primary Open-Angle African American Glaucoma Genetics

POAG primary open-angle glaucoma

PRC precision-recall curves

PRS polygenic risk score(s)

ROC receiver operator characteristic

SE standard error

TSI Toscani in Italy

TVT Tube Versus Trabeculectomy

VA Veterans Affairs

VCDR vertical cup-to-disc ratio

YRI Yoruba in Ibadan, Nigeria
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Figure 1. Schematic overview of study design.
GRS were calculated for POAG cases and controls in the MVP with imputed genetic 

data and harmonized ancestry and race/ethnicity data. We performed logistic regression-

based association analyses of the weighted and unweighted 127-variant GRS with POAG 

case-control status as well as IGS status. Receiver operator characteristic (ROC) curves 

for both unadjusted and adjusted models were constructed to evaluate GRS performance. 

Abbreviations: POAG = primary open-angle glaucoma, AFR = non-Hispanic African 

ancestry, EUR = non-Hispanic European ancestry, GRS = genetic risk score, IGS = invasive 

glaucoma surgeries, GDI = glaucoma drainage implants, PCs = principal components.
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Figure 2. Comparison of performance of 127-variant POAG GRS in AFR and EUR Veterans.
Log odds ratios (betas) for unadjusted logistic regression-based association analyses are 

shown across increasing deciles of (A) unweighted, (B) cross-ancestry meta-weighted, and 

(C) ancestry-specific GRS for AFR and EUR Veterans. In panels A-C, deciles 5–6 (40–60%) 

are used as the reference and denoted by the dashed line. A full description of log odds 

ratios for panels A-C are shown in Table S3 (available at www.aaojournal.org). ROC curves 

are shown for (D) unweighted, (E) cross-ancestry meta-weighted, and (F) ancestry-specific 

GRS performance in AFR and EUR Veterans. AFR and EUR AUCs are listed in the inset 

with their 95% confidence intervals in parentheses. Abbreviations: AFR = non-Hispanic 

African ancestry, EUR = non-Hispanic European ancestry, GRS = genetic risk scores, AUC 

= area under the curve, ROC = receiver operator characteristic.
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Figure 3. Comparison of POAG case classifications based on 127-variant POAG GRS in AFR 
and EUR Veterans.
Case proportions are shown for each decile of the (A) unweighted, (B) meta-weighted, and 

(C) ancestry-specific weighted GRS by ancestry group. Case proportion by decile indicates 

the number of POAG cases in each decile divided by the total number of POAG cases 

in the MVP. Abbreviations: AFR = non-Hispanic African ancestry, EUR = non-Hispanic 

European ancestry.
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Figure 4. Comparison of GRS deciles for any IGS in POAG patients in the MVP.
Log odds ratios (betas) for unadjusted logistic regression-based association analyses are 

shown for deciles of (A) unweighted, (B) cross-ancestry meta-weighted, and (C) ancestry-

specific GRS for AFR and EUR Veterans. In all panels, deciles 1–9 (bottom 90%) were 

compared to decile 10 (top 10%). A full description of log odds ratios (betas) for panels 

A-C are shown in Table S8 (available at www.aaojournal.org). Abbreviations: AFR = 

non-Hispanic African ancestry, EUR = non-Hispanic European ancestry, GRS = genetic risk 

score, IGS = invasive glaucoma surgery.
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Table 1.
POAG case-control demographics in the MVP.

Genetic ancestry of Veterans in the MVP was determined based on the Harmonized Ancestry and Race/

Ethnicity (HARE) algorithm. Case-control status for POAG was determined using a phenotyping algorithm, 

which accessed electronic health records in the VA Computerized Patient Record System.

African Ancestry European Ancestry

POAG 
Cases

Controls Total
p-value

a POAG 
Cases

Controls Total
p-value

a

N (% total) 2448 (30.17) 5665 (69.83) 8113 (100) 3382 (5.44) 58811 (94.56) 62193 (100)

Average Age 
(SD)

66.82 (9.46) 70.99 (6.70) 69.73 (7.88) <2 × 10−16 73.32 (9.55) 73.11 (7.3) 73.12 (7.44) 0.2021

N Males (% 
total)

2328 (95.1) 5494 (96.98) 7822 
(96.41)

3.75 × 10−5 3263 (96.48) 57496 (97.76) 60759 
(97.69)

1.8 × 10−6

Abbreviations: POAG = primary open-angle glaucoma, MVP = Million Veteran Program, SD = standard deviation.

a
p-values from Welch’s t-test for age, and chi-square test for sex.
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Table 2.
Performance of the 127-variant POAG GRS for predicting POAG case-control status in 
EUR and AFR individuals in the MVP.

We evaluated unadjusted models as well as models adjusting for age, sex, and 10 sample-specific PCs. GRS 

were unweighted or weighted by published cross-ancestry meta-analysis or ancestry-specific effect estimates. 

P-values represent the statistical comparisons we computed across ancestral groups using an extension of 

DeLong’s test for independent ROC curves.

Model GRS Type AFR AUC (95% CI) EUR AUC (95% CI) AFR vs. EUR p-value

Unadjusted

Unweighted 0.60 (0.59–0.62) 0.65 (0.64–0.66) 1.93 × 10−8

Cross-ancestry meta-analysis 0.62 (0.60–0.63) 0.67 (0.66–0.68) 8.35 × 10−10

Ancestry-specific 0.58 (0.56–0.59) 0.67 (0.66–0.68) 2.14 ×10−26

Adjusted

Unweighted 0.68 (0.67–0.70) 0.65 (0.64–0.66) 0.00068

Cross-ancestry meta-analysis 0.69 (0.67–0.70) 0.67 (0.66–0.68) 0.053

Ancestry-specific 0.68 (0.66–0.69) 0.67 (0.66–0.68) 0.43

Abbreviations: GRS = genetic risk score, AFR = non-Hispanic African ancestry, EUR = non-Hispanic European ancestry, AUC = area under the 
curve, CI = confidence interval.
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Table 3.
Association analysis results for 127-variant GRS and any type of IGS in the MVP.

We evaluated GRS approaches in MVP POAG cases who had undergone any type of IGS, including 

trabeculectomies or GDI. In our logistic regression-based association analyses, we used unadjusted models 

as well as models adjusting for age, sex, and 10 sample-specific PCs. GRS were unweighted or weighted by 

published cross-ancestry meta-analysis or ancestry-specific effect estimates.

African Ancestry European Ancestry

Model GRS Type Estimate Std. Error z value P Estimate Std. Error z value P

Unadjusted

Unweighted 0.123 0.071 1.743 0.0814 0.248 0.07 3.563 0.000367

Cross-ancestry meta-
analysis 0.129 0.07 1.838 0.066 0.265 0.068 3.927 8.61 × 10−5

Ancestry-specific 0.216 0.071 3.036 0.0024 0.276 0.067 4.14 3.48 × 10−5

Adjusted

Unweighted 0.109 0.073 1.495 0.1349 0.244 0.07 3.473 0.000515

Cross-ancestry meta-
analysis 0.114 0.073 1.561 0.1185 0.265 0.068 3.909 9.27 × 10−5

Ancestry-specific 0.226 0.072 3.121 0.0018 0.261 0.0646 4.045 4.09 × 10−5

Abbreviations: GRS = genetic risk score, MVP = Million Veteran Program, IGS = invasive glaucoma surgeries.
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