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Abstract

Background Glaucoma is a leading cause of worldwide irreversible blindness. Considerable uncertainty remains
regarding the association between a variety of phenotypes and the genetic risk of glaucoma, as well as the impact
they exert on the glaucoma development.

Methods We investigated the associations of genetic liability for primary open angle glaucoma (POAG) with a wide
range of potential risk factors and to assess its impact on the risk of incident glaucoma. The phenome-wide asso-
ciation study (PheWAS) approach was applied to determine the association of POAG polygenic risk score (PRS)

with a wide range of phenotypes in 377, 852 participants from the UK Biobank study and 43,623 participants

from the Penn Medicine Biobank study, all of European ancestry. Participants were stratified into four risk tiers: low,
intermediate, high, and very high-risk. Cox proportional hazard models assessed the relationship of POAG PRS

and ocular factors with new glaucoma events.

Results In both discovery and replication set in the PheWAS, a higher genetic predisposition to POAG was specifically
correlated with ocular disease phenotypes. The POAG PRS exhibited correlations with low corneal hysteresis, refractive
error, and ocular hypertension, demonstrating a strong association with the onset of glaucoma. Individuals carrying

a high genetic burden exhibited a 9.20-fold, 11.88-fold, and 28.85-fold increase in glaucoma incidence when associ-
ated with low corneal hysteresis, high myopia, and elevated intraocular pressure, respectively.

Conclusion Genetic susceptibility to POAG primarily influences ocular conditions, with limited systemic associations.
Notably, the baseline polygenic risk for POAG robustly associates with new glaucoma events, revealing a large com-
bined effect of genetic and ocular risk factors on glaucoma incidents.
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Introduction

Glaucoma is a leading cause of irreversible vision loss
worldwide [1]. Adult-onset primary open-angle glau-
coma (POAG), the major type of glaucoma, has an
inheritable element but also results from a complex
interplay among various environmental, genetic, and
lifestyle factors [2]. Recent studies on the heritability of
POAG suggest that genetic factors make a significant
contribution to POAG, with high heritability [3, 4].
Similarly, a systemic meta-analysis reported high herit-
ability in the individual endophenotypes responsible for
POAG [5].

Genetic factors are mediated by intermediate pheno-
types; these phenotype attributes known to contribute to
risk for POAG can be classified as either ocular or sys-
temic [6]. Well-recognized systemic risk factors include
diabetes, hypertension, low diastolic blood pressure,
migraine, and thyroid disease [7]. Among ocular risk fac-
tors, the most important is elevated intraocular pressure
(IOP) [5]. However, given the fact that a significant pro-
portion of patients diagnosed under the broad classifica-
tion of open-angle glaucoma actually display IOP values
within the normal range, it is supposed that individual
biomechanical architecture around the optic nerve head
could mediate susceptibility to glaucomatous damage. In
particular, myopia, which involves elongation of the eye
and resultant stretching of the peripapillary sclera and
optic nerve, shows substantial causal association with
POAG [8]. Corneal hysteresis (CH), a measure of viscoe-
lastic damping of cornea, represents an alteration of ocu-
lar biomechanics. Low level of CH is associated with the
development and progression of glaucoma [9-11]. The
close association of myopia and CH with POAG suggests
a role of altered ocular biomechanics in glaucoma patho-
genesis [12].

Several large-scale genome-wide association stud-
ies (GWAS) on POAG have been conducted to date,
identifying hundreds of associated loci [13]. Polygenic
risk scores (PRS) are widely used to synthesize disease-
associated single-nucleotide polymorphisms (SNPs) into
a single score and offer a means of risk stratification for
common chronic diseases, such as POAG [14, 15]. The
polygenic nature of POAG suggests that a synthesizing
measure such as a PRS could be useful for determining
individual disease risk [15]. Previous research has shown
that polygenic variants for POAG are associated with
more than 2.5-fold increased odds of incident glaucoma,
which is comparable to known monogenic risk variants,
and they are ~ 15 times more prevalent than a mono-
genic variant in the general population [16]. A PRS for
POAG has likewise demonstrated utility in risk stratifica-
tion, with significant association with disease onset, dis-
ease severity and treatment intensity [14].
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Considering that glaucoma is phenotypically linked
with many systemic and ocular conditions, it is crucial
to explore the associations between genetic predisposi-
tion to glaucoma and these phenotypes. A phenome-
wide association study (PheWAS) is a hypothesis-free
approach that tests a set of selected genetic variants or a
PRS for association with hundreds of phenotypes with-
out prior assumptions. As such, a PheWAS can be useful
for investigating the genetic basis of glaucoma, where the
pathogenesis and underlying genetic factors are not well
understood.

In this study, we used genomic and phenotypic data
from the UK Biobank and Penn Medicine Biobank to
conduct a PRS-based PheWAS for POAG, exploring a
wide range of disease phenotypes. We then assessed the
distribution of patient characteristics across PRS-based
glaucoma genetic risk groups and the associations of
POAG PRS with ocular factors, focusing specifically on
IOP, myopia, and CH. Finally, we investigated the impact
of POAG PRS on risk of developing incident glaucoma
and explored the combined impact of genetic factors and
ocular factors on the risk of incident glaucoma.

Materials and methods

Study design

Our analysis was conducted in two steps. First, we per-
formed a PheWAS of POAG PRS with all available dis-
ease phenotypes in the UK Biobank (discovery set) and in
the Penn Medicine Biobank (replication set). Second, we
focused on the association of the POAG PRS with ocular
factors and incident glaucoma, using a prospective study
design within the UK Biobank.

Genotyping, quality control, and imputation

Genotyping and quality control (QC) procedures and
imputation followed the standard practices and were
performed per cohort-genotyping platform pair. Further
details are described in Additional file 1: Method S1.

UK Biobank

The UK Biobank is a prospective cohort study comprising
~ 500,000 middle-aged UK residents aged 40—69 years,
recruited from 2006 to 2010, who were followed up with
on their health-related outcomes [17]. All participants
gave written informed consent for the linkage of the UK
Biobank dataset to their health-related records, includ-
ing primary care records, hospital inpatient records, and
cancer and death registry data [18]. The UK Biobank
obtained initial ethical approval from the North West
Multi-Centre Research Ethics Committee on June 17,
2011 (Ref 11/N'W/0382). After this, the approval under-
went renewal processes in 2016 (Ref 16/N'W/0274)
and 2021 (Ref 21/N'W/0157), with the next scheduled
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renewal set for the year 2026. The present research was
conducted using the UK Biobank Resource under appli-
cation number 90981. All research adhered to the tenets
of the Declaration of Helsinki.

The UK Biobank samples (version 3; March 2018)
were genotyped using either the Affymetrix UK BiLEVE
Axiom array or the Affymetrix UK Biobank Axiom array.
Imputation via IMPUTE2 was conducted by UK Biobank
researchers using the merged 1000 Genomes Project
panel and UK 10K panel [19]. After imputation and QC,
377, 852 white-British participants were determined eli-
gible for the genetic analyses.

Penn Medicine Biobank

The Penn Medicine Biobank was approved under IRB
protocol #813913 and supported by the Perelman School
of Medicine at University of Pennsylvania, a gift from
the Smilow family, and the National Center for Advanc-
ing Translational Sciences of the National Institutes of
Health under CTSA award number UL1TR001878.

The Penn Medicine Biobank consists of 43,623 unique
samples that underwent genotyping with the GSA geno-
typing array (Illumina, SD, USA). we performed geno-
type imputation using Eagle2 [20] and Minimac4 [21]
software on the TOPMed Imputation Server [22]. After
imputation and QC, 27,933 white-European participants
were deemed eligible for the replication analyses.

PRS generation for POAG

To quantify genetic risk for glaucoma, we generated a
PRS using summary statistics from the GWAS conducted
by the International Glaucoma Genetics Consortium
(IGGCQ) [13], which consisted of 12,713,176 variants. The
GWAS was conducted with a fixed-effects meta-analysis
of 15,229 POAG cases and 177,473 controls of European
descent excluding UK Biobank samples and the summary
statistics are available via GWAS Catalog [23], under the
study accession identifier GCST90011767.

The PRS was constructed using PRS-CS (version 1.0.0)
[24], which is a Bayesian polygenic method that infers
the posterior mean effect size of each variant based on
GWAS summary statistics and the linkage disequilib-
rium reference panel. The individual PRSs were com-
puted from beta coefficients as the weighted sum of the
risk alleles by applying PLINK version 1.90 [25]. Finally,
1,116,933 SNPs that overlapped with the HapMap3
(1,287,078 SNPs) database were utilized for the POAG
PRS.

Phenome-wide association study

The “PheWAS” R package (version 0.99.5.5) was used to
perform PheWAS analyses [26]. In these analyses, POAG
PRS was set as the independent variable, and disease
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phenotypes as dependent variables, with age, sex, geno-
typing array, and first 10 genetic principal components
(PCs) of ancestry as covariates. Disease diagnosis cat-
egory phenotypes were obtained by mapping the Interna-
tional Classification of Diseases, Ninth or Tenth Revision
(ICD-9 and -10) diagnosis codes of the UK Biobank to
1,618 hierarchical phenotypes (PheCodes) categorized
into 17 disease categories [26, 27]. We removed pheno-
typic codes with less than 100 cases and those concern-
ing symptoms, injuries, and poisoning, resulting in 776
phenotypes in 15 disease categories that were included
in our analysis. Of these, 767 were eligible for replica-
tion analysis in the Penn Medicine Biobank. The number
of cases for each phenotype and detailed demographic
information in each cohort are summarized in Additional
file 1: Table S1. To account for multiple testing, we used
a Bonferroni threshold of P<0.0000644 (0.05/776) when
determining significance among the results of our main
analyses in the UK Biobank and P <0.0000652 (0.05/767)
for the replication analyses. Next, to obtain insight into
comorbid conditions associated with the POAG pheno-
type, we conducted additional PheWAS analyses using a
diagnosis of POAG as the independent variable.

Inclusion and exclusion criteria for the prospective study
within the UK Biobank

Out of the initial cohort of 502,409 UK Biobank partici-
pants across six assessment centers in the United King-
dom, a total of 377,852 participants were available in the
data release following thorough QC. Within this subset,
cases with accessible ophthalmic data, including spheri-
cal power, cylinder power, CH, corneal resistance factor,
and IOP were identified and included (n=83,804). To
avoid the effect of surgery on refractive error, IOP, and
CH, participants were excluded if they reported having
received glaucoma surgery, cornea refractive surgery, cat-
aract surgery, or if they had previous eye injury in either
eye (n=3455). Finally, cases with baseline glaucoma diag-
nosis were excluded from the analysis (n=6801). Conse-
quently, the study focused on a refined cohort of 73,548
participants for the investigation of the association
between the POAG PRS and the occurrence of incident
glaucoma. The flowchart showing participants included
for analysis is shown in Additional file 1: Fig. S1.

Measurement of variables

Medical history of hypertension, diabetes, and dyslipi-
demia at baseline was based on the self-report collected
in an in-person interview at enrollment or on diagnos-
tic and procedure codes in electronic health records.
The definitions of baseline dyslipidemia, hypertension,
and type 2 diabetes are described in Additional file 1:
Table S2.
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All participants who had available spherical equivalent
(SE), Goldmann-correlated IOP (IOP,), and CH were
used for this analysis. Participants underwent a detailed
ophthalmologic examination in which non-cycloplegic
refraction status was determined using an autorefractor
(Tomey, Nagoya, Japan). The SE of refractive error was
defined as the sphere component plus half the cylinder
component. After measuring visual acuity and refrac-
tion, CH, corneal resistance factor, and IOP, were meas-
ured with the Reichert Ocular Response Analyzer (ORA,
Reichert, Inc., Depew, NY, USA). The average of the ORA
pressure values was calibrated against Goldmann appla-
nation tonometer measures to derive IOP,. Participants
who had eye surgery within the previous 4 weeks or
those with possible eye infections were precluded from
the determination of IOP. Measurements were excluded
from analysis if the participants had a history of cor-
neal surgery, refractive surgery, or injuries in either eye;
additionally, participants with a history of glaucoma sur-
gery were excluded and left eyes with missing data were
excluded.

Participants were identified as having glaucoma if they
self-reported glaucoma on the eye problems/disorders
(UK Biobank data field: 6148) or non-cancer illness (UK
Biobank data field: 20002), or had an ICD-9/10 diagnosis
code for POAG, other glaucoma, or glaucoma, unspeci-
fied, based on the use of these codes in prior in popula-
tion-based and registry-based studies of genetic risk for
glaucoma [28, 29]. (Additional file 1: Table S2).

Statistical analyses

In the prospective study conducted within the UK
Biobank, measures from the left eye were used as the
outcome variable, consistent with previous reports
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[30, 31]. In the UK Biobank study, the measurement
of the left eye was done, as per the study protocol, fol-
lowing the collection of right eye data. This sequencing
choice suggests that left eye data in our cohort may be
less susceptible to artifacts, such as blinking. Refer-
ence was made to previous authoritative articles that
reported IOP and CH in the UK Biobank, where analy-
ses were based on left-eye data. Continuous variables are
reported as means with standard deviations (SD) and
categorical variables as frequencies and proportions.
In some analyses, individuals were classified accord-
ing to the degree of myopia. Myopia overall was defined
as having a SE of<— 0.5D and mild myopia, moder-
ate myopia, and high myopia as — 3.0D<SE<— 0.5D,
— 6.0D<SE<- 3.0D, and SE<- 6.0D, respectively.
Regarding CH, participants with a value of <10.1 mmHg
were considered to have low CH; this cutoff was deter-
mined to be significantly associated with glaucoma prev-
alence in a previous study based on UK Biobank data
[31]. Those with a value>10.1 mmHg were classified as
having high CH. In terms of IOP, individuals were cate-
gorized into two groups: those with ocular hypertension
(IOPgZ21 mmHg) and those without (IOPg< 21 mmHg).

As done in previous studies, we categorized study
participants based on the PRS into low, intermediate, or
high genetic risk groups [32, 33], and also further clas-
sified the top 1% of the PRS distribution as a very-high-
risk group in light of the curve of cumulative incidence
of disease prevalence over the PRS distribution (Fig. 1).
Thus, participants were categorized into the following
four risk subgroups: low, 0—19th percentile; intermedi-
ate, 20-79th percentile; high; 80-98th percentile; and
very high, 99th percentile.
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Fig. 1 Density (A) and prevalence plot (B) according to the PRS distribution for POAG (n=377, 852)
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The baseline clinical characteristics of participants
were compared using analysis of variance (ANOVA) for
continuous variables and the Chi-square test for categor-
ical variables. To evaluate the association of glaucoma
genetic risk with SE, IOP,, and CH, we applied multivari-
able logistic and linear regression analyses after adjust-
ing for age, sex, genotyping array, and the first 10 PCs of
ancestry, and other factors determined on the basis of
previous studies [30, 31]. We performed a Cox propor-
tional hazards regression analysis, utilizing genetic risk
and ocular factors, with age at glaucoma onset or age at
the last clinical visit as time variables and the diagnosis
of glaucoma as a status and calculated hazard ratio (HR).
Kaplan—Meier survival curves and standardized cumula-
tive incidence according to categories of PRS for POAG
were plotted to assess potential disparities in survival
among genetic risk groups. Subsequently, we conducted
joint association analyses to investigate the interplay
between genetic and ocular factors on the development
of incident glaucoma. Statistical tests were two-sided,
and P<0.05 was considered statistically significant. All
statistical analyses were conducted using R version 3.9.0.

Results

PheWAS

The UK Biobank (discovery set) sample comprised 53.7%
female (mean age: 56.9+7.8) individuals of white-British
ancestry, and the Penn Medicine Biobank (replication
set) sample included 45.2% female (mean age: 57.4+ 16.2)
of white-European ancestry. In the PheWAS analyses,
higher genetic predisposition to POAG was exclusively
associated with ocular disease phenotype. In the discov-
ery set, we observed significant associations between
POAG PRS and 10 disease phenotypes, which remained
significant after Bonferroni corrections; these pheno-
types were glaucoma, POAG, celiac disease, primary
angle-closure glaucoma, myopia, unspecified diffuse con-
nective tissue disease, disorders of iris and ciliary body,
cataract, retinal detachments, and senile cataract. Dis-
ease phenotypes categorized as involving sensory organs,
which includes eye-related disorders, displayed positive
associations with POAG PRS, while celiac disease and
unspecified diffuse connective tissue disease showed
negative associations (Fig. 2A). Of the 10 disease pheno-
types that exhibited significant associations in the discov-
ery set, eight demonstrated the same direction of effect
in the replication set; however, only two, namely glau-
coma and POAG, remained significant after Bonferroni’s
correction (Fig. 2B). A summary of the 776 disease phe-
notypes included in the PheWAS and their odds ratios
(ORs) are presented in Additional file 2: Table S3. In con-
trast, when we conducted PheWAS analyses with a diag-
nosis of POAG as the independent variable, we identified
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a notable overrepresentation of multiple systemic disease
phenotypes, across the spectrum of disease categories
(Additional file 1: Fig. S2 and Additional file 2: Table S4).

The association of POAG PRS with ocular factors
Demographic baseline information for all 73,548 par-
ticipants and systemic and ocular characteristics for each
PRS group are presented in Table 1. Overall, the preva-
lence of systemic diseases, including diabetes, hyperten-
sion, and dyslipidemia, and the proportion of current
smokers and alcohol consumers, were not significantly
different across the POAG genetic risk groups. Partici-
pants at higher genetic risk for glaucoma tended to have
a lower body mass index (BMI) than those at low genetic
risk (P<0.001). Importantly, there were distinctive differ-
ences in the ocular characteristics across the genetic risk
groups, with the trend showing that higher genetic risk
accompanied higher IOP, lower SE, and lower CH (all
P<0.001). Compared with the low genetic risk group, the
very high-risk category was associated with high IOP in
multivariable logistic regression analyses (OR, 3.84; 95%
confidence interval (CI) 2.98-4.89), myopia (OR, 1.28;
95% CI 1.06-1.52) and low CH (OR, 1.27; 95% CI 1.06—
1.51). (Table 2; Results of multivariable linear regression
analyses are shown in Additional file 1: Table S5).

Association of POAG PRS with incident glaucoma

The median duration of follow-up was 11.1 years, dur-
ing which 1300 participants were identified as incident
glaucoma cases. Compared with low genetic risk, higher
genetic risk was associated with a higher risk of incident
glaucoma during follow-up (P for trend <0.001) (Table 3;
Kaplan—Meier survival curves and cumulative incidences
are shown in Fig. 3 and Additional file 1: Fig. S3 and S4).
After adjusting for potential confounding factors, a 1-SD
increase in POAG PRS was associated with 64% greater
risk of incident glaucoma (HR, 1.64; 95% CI 1.54-1.75;
P<0.001). Notably, participants in the very high-risk
group were 8.76 times more likely to have glaucoma than
those in the low-risk group (Table 3).

Association of ocular factors with incident glaucoma

In comparison to individuals exhibiting IOP <21 mmHg,
those with IOP>21 mmHg demonstrated an increased
risk of incident glaucoma (HR, 6.74; 95% CI 5.89-7.71;
P<0.001). Notably, participants with moderate to high
myopia showed an increased risk of glaucoma com-
pared to those with non to mild myopia (HR, 1.59; 95%
CI 1.36-1.88; P<0.001). Furthermore, participants with
CH<10.1 mmHg showed an increased risk of glaucoma
compared to those with CH>10.1 mmHg (HR, 1.24; 95%
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Fig. 2 Significance plot for all phenotypes for POAG PRS, grouped by disease categories from discovery set and replication set. A Significance
plot for all phenotypes for POAG PRS, grouped by disease categories from UK Biobank. PheCodes are organized and plotted by disease category
on the x-axis, and the y-axis represents the —log10 of uncorrected P values of two-sided test for linear regression between POAG PRS and each
of the phenotype. Each point represents a single PheCode, and the color indicates their corresponding categories. The horizontal line is marked
at the Bonferroni threshold of significance for multiple testing (P<5.21x 10°). The representative significant associations in each category are
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of 377,852 participants in the UK Biobank and the exact sample size for each phenotype are presented in Additional file 2. B Significance plot for all
phenotypes for POAG-PRS, grouped by disease categories from Penn Medicine Biobank (replication sample). PheCodes are organized and plotted
by category on the x-axis, and the y-axis represents the — log10 of uncorrected P values of two-sided test for linear regression between POAG PRS
and each of the phenotype. Each point represents a single PheCode, and the color indicates their corresponding categories. The horizontal red
line is marked at the Bonferroni threshold of significance for multiple testing (P< 6.52x 107%). The representative significant associations in each
category are annotated in the figure. The direction of each arrowhead corresponds to increased risk (up) or decreased risk (down). The replication
samples consist of 27,933 participants and the exact sample size for each phenotype is presented in Additional file 2 .
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Table 1 Summary of population characteristics across POAG genetic risk groups in UK Biobank data (n=73,548)
POAG genetic risk group Total Low risk Intermediate risk High risk Very high risk P value
(N=73,548) (N=14,571) (N=44,413) (N=13,856) (N=708)
Age (years) 56.9+7.8 571178 569+78 569+78 571+79 0.191
Sex (%) 0335
Female 39,342 (53.5) 7796 (53.5) 23,660 (53.3) 7501 (54.1) 385 (544)
Male 34,206 (46.5) 6775 (46.5) 20,753 (46.7) 6355 (45.9) 323 (45.6)
Current smoker (%) 6912 (9.4) 1369 (94) 4233(9.5) 1253 (9.0) 57 (8.1) 0214
Alcohol consumption (%) 0.979
Never 12,674 (17.2) 2503 (17.2) 7678 (17.3) 2372 (17.1) 121(17.1)
<2 times per week 27,062 (36.8) 5310 (36.5) 16,351 (36.8) 5142 (37.1) 259 (36.7)
<3-4 times per week 17,602 (23.9) 3525(24.2) 10,622 (23.9) 3279(23.7) 176 (24.9)
Daily 16,168 (22.0) 3222 (22.1) 9742 (21.9) 3054 (22.1) 150 (21.2)
Townsend deprivation index —-13+£28 —-14+£28 —-13+28 —-13+28 —-12+£28 0461
Systemic parameters
Hypertension (%) 20,208 (27.5) 4040 (27.7) 12,200 (27.5) 3783 (27.3) 185 (26.1) 0.726
Diabetes (%) 14,201 (19.3) 2879 (19.8) 8616 (19.4) 2593 (18.7) 113 (16.0) 0.016
Dyslipidemia (%) 3032 (4.4) 615 (4.5) 1805 (4.4) 589 (4.6) 23(3.5) 0409
Obesity (%) 17,549 (23.9) 3604 (24.8) 10,620 (24.0) 3163 (22.9) 162 (22.9) 0.002
Systolic BP (mmHg) 140.6+19.5 140.8+£19.7 140.5+19.5 1404+19.6 140.8+£19.0 0.349
Diastolic BP (mmHg) 820+10.6 820£10.6 820+106 82.0+105 822+10.2 0873
HbATc (%) 54+06 54+06 54+06 54+06 54+06 0.745
LDL cholesterol (mg/dL) 137.3+334 1374+336 13754334 136.8+333 137.1+£324 0217
BMI (kg/m?) 274+4.7 274+48 274+4.7 272+4.7 27.1+£46 0.001
Ocular parameters
Spherical power (D) —-07+28 -05+28 —-07+28 —-08+29 -1.1+30 <0.001
Cylinder power (D) -08£30 -06%29 -08=£30 -10£28 -1.1+34 0.095
Spherical equivalent (D) -02+28 -01+27 -02+28 -04+28 -06+29 <0.001
\OPg (mmHg) 158+39 15.1+£3.7 158+39 16.6+4.1 17.5+45 <0.001
Corneal hysteresis (mmHg) 10.7+25 108+23 10.7+25 106+26 103+23 <0.001

Data are n (%) or mean (SD)

POAG primary open angle glaucoma, PRS polygenic risk score, BMI body mass index, BP blood pressure, LDL low-density lipoprotein, ACR albumin-creatinine ratio, D

diopter, IOP; Goldmann-correlated intraocular pressure, SD standard deviation

CI 1.09-1.42; P<0.001) (Table 4 and results of continu-
ous scale are shown in Additional file 1: Table S6).

Joint associations of POAG PRS with ocular factors

To explore the effect of ocular risk factors on glaucoma
risk according to genetic risk, we stratified the ocular fac-
tors by PRS category (Fig. 4). We observed a monotonic
association between increasing PRSs and ocular factors
and a higher risk of incident glaucoma. In particular, the
participants with the very high-PRS and high IOP had
the highest risk for incident glaucoma (HR, 28.85; 95% CI
16.36—-50.88; P<0.001). In addition, the participants with
the very high-PRS and moderate-high myopia exhib-
ited the substantial risk for incident glaucoma with HR
of 11.88 (95% CI 5.45-25.88), and those with very high-
PRS and low CH with HR of 9.20 (95% CI 5.23-16.16;
P<0.001).

Discussion
Our study aimed to identify a broad spectrum of phe-
notypes associated with POAG genetic risk and to
investigate how this genetic risk interacts with ocular
risk factors in the development of POAG. Notably, we
observed that individuals in the top 1% PRS for POAG
exhibited a significantly higher risk of new glaucoma
events, with a HR of 8.8. Furthermore, our analysis of the
joint associations of polygenic risk and ocular risk factors
revealed that individuals with low baseline IOP and very
high polygenic risk had a similar hazard ratio for develop-
ing glaucoma compared to those with high baseline IOP
and low polygenic risk (absolute risk, 3.62% vs. 3.20%).
Increased IOP is considered to be the most impor-
tant evidence-based risk factor for the development
and progression of glaucoma, with a considerable num-
ber of SNPs in the POAG PRS implicated in increasing
IOP [6, 16]. Nevertheless, noteworthy is the observation
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Table 3 Hazard ratio for incident POAG according to POAG genetic risk (n=73,548)
No of events/ Incidence Absolute Crude Model 1 Model 2
total no. of rate per 1000 risk (%)
participants person-year HR (95% ClI) Pvalue HR(95% Cl) Pvalue HR(95% Cl) P value
(95% CI)
POAG genetic risk
Low 123/14,571 0.76 (0.63-090) 0.84 Ref. Ref. Ref.
Intermediate  723/44,413 47 (1.36-1.58) 163 94 (1.60-234) <0.001 196(1.62-2.37) <0001 219(1.74-277)  <0.001
High 414/13,856 271 (246- 298) 299 3.58(2.93-4.38) <0.001 3.66(299-447) <0.001 4.14(3.25-5.29) <0.001
Very high 40/708 519(3.71-7.06) 565 6.86 (4.80-9.80) <0.001 6.92 (4.84-9. 89) <0001 8.76(5.87-13.08) <0.001
Per SD 1300/73,548 159(1.51-1.68) 1.77 1.60(1.52-1.69) <0.001 61 (1.52-1.70) <0.001 1.64(1.54-1.75) <0.001
increase

POAG primary open angle glaucoma, PRS polygenic risk score, HR hazard ratio, C/ confidence interval, SD standard deviation

Model 1: Age +sex+ genotyping array + first ten principal components of ancestry

Model 2: Model 1 + body mass index +smoking status + income status + systolic blood pressure + diastolic blood pressure + LDL cholesterol + HbA1c + Hypertension
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Fig. 3 Kaplan—-Meier survival curves according to categories of a polygenic risk score for primary open-angle glaucoma (POAG). The probability
of survival over time for various genetic risk groups was significantly different (P<0.001, Log-rank test)
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Table 4 Hazard ratio for incident POAG according to the presence of ocular risk factors (n=73,548)
No of events/ Incidence Absolute Crude Model 1 Model 2
total no. of rate per 1000 risk (%)
participants person-year HR(95%Cl)  Pvalue HR(95%Cl)  Pvalue HR(95%Cl)  Pvalue
(95% Cl)
IOP
<21 mmHg  794/65,781 1.09 (1.01-1.16) 1.21 Ref. Ref. Ref.
>21mmHg  462/5786 745 (6.78-8.16) 7.99 6.89 (6.14-7.72) <0.001 6.30(561-7.07) <0.001 6.74(5.89-7.71) <0.001
Myopia
Nontomild  1069/63,708 151 (142-161) 1.68 Ref. Ref. Ref.
Mod to high  1300/73,548 2.13(1.86-2.42) 235 141(1.22-162) <0001 1.58(1.37-1.82) <0.001 159(1.36-1.88) <0.001
CH
>10.1 mmHg 647/43,703 1.33(1.23-1.44) 1.48 Ref. Ref. Ref.
<10.1 mmHg 609/27,864 1.97 (1.82-2.14) 2.19 148(1.33-1.65) <0.001 1.32(1.18-1.48) <0.001 1.24(1.09-142) 0.0009

POAG primary open angle glaucoma, CH corneal hysteresis, IOP intraocular pressure, HR hazard ratio, C/ confidence interval

Model 1: Age + sex + genotyping array + first ten principal components of ancestry

Model 2: Model 1+ body mass index + smoking status + systolic blood pressure + diastolic blood pressure + LDL cholesterol + HbA1c+ Hypertension + use of anti-

glaucoma eyedrops

that disease susceptibility was substantially increased
even among individuals with a high genetic susceptibil-
ity but low IOP. This underscores the strong influence of
polygenic risk on the development of glaucoma. In this
regard, in addition to regular IOP checks, the assessment
of POAG genetic risk could serve as a robust tool for
the early identification of individuals at high risk for the
disease.

Genetic predisposition to POAG has been previously
associated with the severity and predictive aspects of the
disease. Individuals in the top 5% PRS reportedly had
2.8-fold increased odds of glaucoma [16]. In the cohort
study of PROGRESSA, subjects with early POAG with
high polygenic risk had faster structural and functional
progression [34]. In the glaucoma population, subjects
with high PRS had increased risk of younger age at diag-
nosis and higher requirement for incisional surgery [14].
In addition to the findings of the previous studies, we
also demonstrated the robust synergistic effect between
genetic and ocular factors in predicting the future glau-
coma development, showing that the participants with
high genetic burden exhibited 28.9-fold, 11.8-fold, and
9.2-fold increased risk of glaucoma incidence, when they
accompanied high IOP, moderate to high myopia, and
low CH, respectively. Craig et al. [14] previously reported
the improved predictive capacity through the integra-
tion of polygenic risk and IOP and vertical CD ratio when
estimating glaucoma odds ratios. However, to our knowl-
edge, a large and well-phenotyped prospective cohort
study assessing the comprehensive joint association of
ocular factors and genetic risk has not been reported.
The manifestation of genetic risk for glaucoma sub-
stantially increased risk of glaucoma incidence by joint

associations of genetic and ocular factors, emphasizing
the significance of risk stratification based on genetic and
ocular risk factors for early detection and prevention of
the disease.

In this study, we conducted a PRS-based PheWAS
analysis to gain better insight and identify associations
between genetic predisposition to POAG and disease
phenotypes available in the UK Biobank and Penn Medi-
cine Biobank cohorts. Our findings consistently revealed
that the genetic liability for POAG to have a predominant
impact on the development of ocular conditions, with lit-
tle correlation to systemic disease phenotypes in both the
discovery and replication sets.

In contrast to the results of a PRS-based PheWAS, our
investigation using PheWAS with POAG diagnosis as the
independent variable revealed significant associations
with various systemic conditions, which were previously
identified as systemic risk factors for glaucoma in epide-
miologic studies [7, 35-39]. Despite the distinct disease
associations of POAG, we found no positive associations
between genetic liability for POAG and systemic disease
phenotypes. In accordance with our study, a previous
work has reported limited genetic correlation of diabetes
with glaucoma-related endophenotypes and POAG [40].
Kolli et al. [41] recently reported that the association
between glaucoma and cardiometabolic disease differed
by genetic risk for glaucoma, reporting that glaucoma
patients with low genetic risk tended to have a higher
prevalence of cardiometabolic disease, while the oppo-
site trend was observed for those with high genetic risk.
The differential PheWAS results of POAG and POAG
polygenic risk in our study suggests that systemic condi-
tions may have a substantial impact on the development
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a. Intraocular pressure
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Genetic risk group  IOP No. of Event/ Incidence/ Absolute Increased Adjusted HR P-value

Total No. 1000 person-yr risk (%) risk of Glaucoma (95% Cl)

Low risk Low 93/13455 0.62 (0.50-0.76) 069 ] 1 [Reference]
High 27/745 3.31(2.18-4.82) 362 HE— 5.94 (3.27-9.21) <.001
Intermediate risk Low 450/39834  1.02 (0.92-1.11) 113 m} 1.88 (1.43-2.47) <.001
High 246/3370 6.78 (5.96-7.68) 7.30 i 12.12 (9.06-16.22) <.001
High risk Low 233/11930  1.76 (1.54-2.00) 195 [m] 3.25 (2.42-4.37) <.001
High 170/1550 10.41 (8.90-12.09) 1097 —a— 20.26 (14.96-27.44) <.001
Very high risk Low 18/562 2.91 (1.73-4.60) 320 H1— 6.48 (3.73-11.25) <.001
High 19/121 15.06 (9.07-23.52) 15.70 ————@—J 28.85(16.36-50.88)  <.001

| I I |
1.0 20 40 50

Adjusted HR (95% CI)

b. Myopia
Genetic risk group Myopia  No. of Event/ Incidence/ Absolute Increased Adjusted HR P-value
Total No. 1000 person-yr risk (%) risk of Glaucoma (95% ClI)

Low risk non to mild 105/12814  0.74 (0.60-0.89) 082 ] 1 [Reference]
modtohigh  18/1757 0.92 (0.55-1.45) 1.02 -l 1.46 (0.81-2.65) .209
Intermediate risk nontomid  603/38524  1.41 (1.30-1.53) 157 ] 2.18 (1.69-2.81) <.001
modto high  120/5889 1.84 (1.53-2.20) 2.04 L 3.24 (2.38-4.42) <.001
High risk nontomid  329/11777  2.53 (2.27-2.82) 279 {H 3.95 (3.02-5.16) <.001
modtohigh  85/2079 3.73 (2.98-4.61) 4.09 —l— 6.99 (5.00-9.76) <.001
Very high risk non to mild 32/593 4.96 (3.39-7.00) 540 —{t— 8.75 (5.60-13.66) <.001
mod to high 8/115 6.37 (2.75-12.56) 6.96 ) } 11.88 (5.45-25.88) <.001

| | |
1.0 10 20
Adjusted HR (95% ClI)
c. Corneal hysteresis

Genetic risk group  CH No. of Event/ Incidence/ Absolute Increased Adjusted HR P-value

Total No. 1000 person-yr risk (%) risk of Glaucoma (95% CI)

Low risk High 80/8979 0.80 (0.63-1.00) 0.89 m] 1 [Reference]
Low 40/5221 0.69 (0.49-0.94) 0.77 I‘ 0.88 (0.56-1.40) .594
Intermediate risk High 360/26432  1.23 (1.10-1.36) 136 ()] 1.87 (1.39-2.53) <.001
Low 336/16772 1.81 (1.62-2.01) 2.00 [l 2.38 (1.75-3.23) <.001
High risk High 189/7901 2.16 (1.87-2.50) 239 = 3.60 (2.62-4.96) <.001
Low 214/5579 3.49 (3.04-3.99) 3.84 —l— 4.54 (3.30-6.25) <.001
Very high risk High 18/391 4.20 (2.49-6.64) 460 —Y— 7.03 (3.95-12.52) <.001
Low 19/292 6.01 (3.62-9.38) 6.51 — 9.20 (5.23-16.16) <.001

! T T T
1.0 5 10 15

Adjusted HR (95% Cl)

Fig. 4 Forest plot of hazard ratio according to genetic risk and ocular risk factors (n=73,548). Cox regression model was adjusted for age, sex,
genotyping array, first 10 genetic principal components of ancestry, BMI, income, smoking status, systolic and diastolic blood pressure, low-density
lipoprotein, HbA1c, and use of hypertensive medication. High intraocular pressure (IOP) was defined as having value of > 21 mmHg, and myopia
as having a spherical equivalent of <-0.5D, and low corneal hysteresis (CH) as having value of < 10.1 mmHg

of glaucoma, potentially by sharing confounding risk fac-
tors with POAG or serving as prominent non-genetic
risk factors.

In our study, both POAG PRS and POAG diagnosis
were significantly associated with overrepresentation of

the ocular disease phenotypes such as cataract, uveitis,
retinal detachment, and myopia with the same direc-
tional effect. POAG is reportedly significantly associ-
ated with cataracts and myopia [42, 43]. Elevated 1OP
and the use of glaucoma medication increase the risk
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of 5-year incident cataracts [42]; additionally, there is a
higher prevalence of retinal detachment among patients
with glaucoma, particularly in cases where glaucoma
is advanced or the IOP is poorly controlled [44]. Mean-
while, in consistent with results from a recent large
multi-ethnic meta-analysis of GWASs, we found diseases
such as celiac disease or unspecified diffuse connective
tissue disease to have negative associations with POAG
PRS, suggesting that these conditions may have genetic
factors that are protective against the development of
glaucoma or vice versa [45]. Predominant association of
genetic predisposition to POAG with ocular disease phe-
notypes in the PheWAS suggest that common genetic
variants associated with POAG primarily drive ocular
conditions, rather than involving disease pathways asso-
ciated with metabolic traits.

In line with the finding from the results of PheWAS,
our prospective study confirmed that the initial pres-
ence of ocular factors, specifically elevated IOP, myopia,
and low CH, was significant predictors for the develop-
ment of incident glaucoma. Furthermore, these ocular
factors were significantly associated with the genetic risk
of glaucoma. Choquet et al. [46] reported that myopia
and glaucoma demonstrate a shared genetic architec-
ture. Recently, low CH was reportedly associated with
POAG PRS and greater prevalence of disc hemorrhage
[47]. These significant associations of POAG PRS with
myopia and CH implicates that the genetic pathways
responsible for POAG have clinically significant implica-
tions for the pathogenic role of the ocular biomechanics.
In addition to ocular hypertension, these altered ocular
biomechanics could collectively increase ocular suscepti-
bility to glaucomatous damage in the general population.
Further prospective studies are necessary to clarify the
association between myopia, CH, and the onset of new
glaucoma.

In this study, we developed and assessed PRS-PheWAS
for individuals of European ancestry. Nonetheless, we
acknowledge the importance of developing PRSs for
groups of non-European ancestry, given the potential
challenges associated with the transferability of PRSs
across different ancestries and ethnic groups. Recently,
Verma et al. [48] reported a multi-cohort GWAS in Afri-
cans including the Penn Medicine Biobank and showed
that, for individuals of African descent, PRS for POAG
based on African GWAS outperformed PRS from a much
larger GWAS derived from European populations. Addi-
tionally, the study by Gharahkhani et al. [49] conducted
a large multi-ethnic meta-analysis of GWAS, confirm-
ing that several genetic variants share their effects on
POAG across ethnicities, including those of European
descent. However, it also identified ancestry-specific
genetic factors (e.g., rs16944405 in IQGAP1), indicating
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that polygenic diseases with numerous ancestry-specific
genetic variants, like POAG, might exhibit lower trans-
ferability across ethnicities in PRS analyses. Therefore,
it is important to perform GWAS and validate PRS and
PRS-PheWAS results in multi-ethnic populations in fur-
ther studies.

In this study, to maintain consistency, the PRS-CS
approach was used in the PRS-PheWAS and analyses of
joint associations with ocular factors. This is one of the
widely used Bayesian polygenic modeling approaches
and minimizes parameter selection bias through the auto
option using the linkage disequilibrium reference panel.
However, it is also crucial to acknowledge that several
other approaches (PRS-CT [clumping and threshold-
ing], PRSice-2, lassosum, LDpred2, SBLUP, SbayesR,
DBSLMM, etc.) [50-55] exist, and different methods can
influence the results. For transparency and reproducibil-
ity in genetic research, we used the PRS model (PRS-CS)
that is publicly available.

This study has several strengths. First, to better iden-
tify the multiple disease phenotypes associated with
POAG PRS, we used a hypothesis-free approach, which
overcomes an incomplete understanding of the disease
mechanism. Additionally, a notable strength of this study
is the large sample size, which allowed us to investigate
whether genetic markers associated with POAG may be
related to ocular factors in the general population. Fur-
thermore, our findings were overall replicated in an
independent data set. The two cohort datasets used in
this study might have distinct demographic and clinical
characteristics. The UK Biobank is a prospective national
cohort study based on healthy participants, whereas the
Penn Medicine Biobank is an academic research cohort
derived from a regional university hospital with diverse
ancestries. Despite these potential differences, our rep-
licated results might enhance the generalizability of our
study, expanding its relevance to both the healthy popu-
lation and those associated with a hospital setting. Next,
we used a longitudinal study design to assess the impact
of POAG PRS on glaucoma incidence. Finally, this study
defined the very high-risk group as those with a top 1%
PRS, as opposed to using deciles in previous studies [16,
41, 47]. This difference in risk stratification could poten-
tially account for the elevated HR observed in this study.

However, the study also has limitations. First, the
assessment of glaucoma progression was constrained
by the limited parameters available within the data-
sets. Second, although we used POAG GWAS summary
statistics from a large-scale meta-analysis, our analy-
ses were limited to individuals of European ancestry.
Therefore, further studies with other cohorts are war-
ranted to verify the generalizability of our findings.
Third, drawing upon the definition used in previous
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reports [28, 29], we defined POAG on the basis of ICD
codes or self-reports. This method of definition could
have resulted in overestimation or underestimation
of disease. Fourth, our study is less likely to uncover
POAG risk factors that have no or only a weak genetic
link to the disease. The stringent statistical criteria
applied in our PheWAS may have excluded associa-
tions that could be potentially noteworthy. Fifth, in our
study, genotype data of the two biobanks were imputed
using different imputation reference panels. To miti-
gate potential biases arising from these limitations,
we focused our analysis on individuals of European
descent and used the HapMap3 variants using the PRS-
CS approach for PRS-PheWAS. Nevertheless, the accu-
racy and consistency of PRS could be further improved
by using the same reference panel across discovery and
replication datasets.

In conclusion, our study demonstrated the poten-
tial of PRS-based PheWAS in revealing associations
between genetic risk factors for glaucoma and various
ocular conditions. The findings emphasized the impor-
tance of considering genetic susceptibility in under-
standing glaucoma and highlighted shared genetic
bases between glaucoma and other ocular conditions.
We could find that the overall genetic liability to POAG
primarily contributes to ocular conditions and has only
limited associations with systemic disease phenotypes.
Genetic predisposition to POAG accompanies lower
CH, and refractive error, as well as ocular hyperten-
sion in the study population. The genetic risk for POAG
demonstrated a robust association with the occurrence
of incident glaucoma and the participants with high
genetic burden exhibited a substantially increased risk
of glaucoma incidence when they accompanied high
IOP, moderate to high myopia, and low CH. The novel
joint effect between genetic burden and ocular risk fac-
tors for POAG implicates that the interplay between
genetic and ocular factors may substantially contrib-
ute to the increased risk of glaucoma, highlighting the
necessity for rigorous glaucoma monitoring in popula-
tions with a high genetic burden.
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