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PURPOSE. Glaucoma polygenic risk scores could guide glaucoma public health
screening initiatives. We investigated how age influences the relationship between a
multitrait glaucoma polygenic risk score (mtGPRS) and primary open-angle glaucoma
indicators, including intraocular pressure (IOP), retinal structure, and glaucoma
prevalence.

METHODS. We analyzed UK Biobank participants with demographic and genetic data,
assessing IOP (n = 118,153), macular retinal nerve fiber layer thickness (mRNFL;
n = 42,132), macular ganglion cell inner plexiform layer thickness (mGCIPL; n = 42,042),
and prevalent glaucoma status (8982 cases among 192,283 participants). An mtGPRS
was constructed using 2673 genetic variants. We used multivariable linear regression to
assess how age modifies the relationship between mtGPRS and glaucoma traits (IOP,
mRFNL, and mGCIPL) and multivariable logistic regression for prevalent glaucoma risk.
We analyzed age quartiles (Q1 = <51, Q2 = 51–57, Q3 = 58–62, and Q4 = ≥63 years)
– glaucoma trait interaction tests with the Wald test. All analyses were adjusted for
confounders, including nonlinear age effects.

RESULTS. Age significantly modified the relationship between the mtGPRS and IOP
(Pinteraction = 2.7e-27). Mean IOP differences (millimeters of mercury [mm Hg]) per stan-
dard deviation (SD) of mtGPRS were 0.95, 1.02, 1.18, and 1.24 across age quartiles. Similar
trends were observed for glaucoma risk (odds ratio per SD of mtGPRS = 2.38, 2.57, 2.80,
and 2.75; Pinteraction = 1.0e-06). Relationships between mtGPRS and inner retinal thickness
(mRNFL and mGCIPL) across age strata were inconsistently modified by age
(Pinteraction ≥ 0.01).

CONCLUSIONS. With increasing age, an mtGPRS was a better predictor of higher IOP and
glaucoma prevalence. It is useful to consider chronological age with genetic information
in designing glaucoma screening strategies.

Keywords: open-angle glaucoma, screening, genetic diseases, intraocular pressure (IOP),
nerve fiber layer

P rimary open-angle glaucoma (POAG) is a complex,
intraocular pressure (IOP)-related optic nerve disease

that is the most common cause of irreversible blindness
worldwide.1 Hundreds of genetic variants are associated

with the development of POAG.2 Although the actual causal
genes tagged by these loci remain to be determined, their
collective effect, aggregated into a polygenic risk score
(PRS), has shown potential utility for diagnosing POAG in
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various settings.3–6 Furthermore, higher glaucoma PRS is
associated with earlier age in treatment,7 more visual field
progression,8 and invasive glaucoma surgery intervention at
a younger age.9

The main reason why people go blind from glaucoma
is because the disease has an insidious onset, and patients
present too late.10,11 Genetic makeup is largely determined
at birth. Thus, a properly timed recall-by-glaucoma PRS
approach might represent a viable screening strategy to facil-
itate early disease detection. The timing of such a prevention
strategy must account for the age-related component of the
disease and its fairly low incidence. The 5-year incidence
of “at least possible POAG” increased from 0.5% in partic-
ipants aged 40 to 49 years to 4.1% in participants aged 60
to 69 years among White participants living in Melbourne,
Australia.12 The 4-year incidence of open-angle glaucoma
increased from 1.2% in participants aged 40 to 49 years
to 4.2% in participants 70 years old or older among Black
people living in Barbados.13

PRSs have been developed for other common complex
diseases, including colorectal cancer,14 cardiovascular
disease,15 and breast cancer.16 For colorectal cancer and
cardiovascular disease, a higher PRS produces a stronger
odds ratio for disease among younger patients,14,15 whereas
for breast cancer overall, age did not seem to modify the
relation between the PRS and disease.16 Whether age modi-
fies the relation between a PRS and the risk of glaucoma is
unknown. Determining the age groups where a PRS most
effectively predicts glaucoma risk can help inform cost-
effective methods for disease detection. In this study, we
examined whether the relation between a multitrait glau-
coma polygenic risk score (mtGPRS) and glaucoma, as well
as glaucoma-related traits, was modified by age and sex
among UK Biobank participants.

METHODS

Ethics Statement

The UK Biobank received ethical approval from the NHS
North West Multicentre Research Ethics Committee (refer-
ence number 06/MRE08/65) and the National Information
Governance Board for Health and Social Care. This research
was conducted under UK Biobank application number
36741 and adhered to the tenets of the Declaration of
Helsinki.

Study Population

We used data from the UK Biobank, a population-based
cohort study collected from multiple assessment centers
across the United Kingdom. The study includes over 500,000
participants aged 37 to 73 years when recruited through the
National Health Service (NHS) registers at baseline (2006–
2010). Study participants completed touchscreen question-
naires that provided extensive phenotype information, such
as demographic, lifestyle, and medical history information.
In addition, participants provided blood, urine, and saliva
specimens.

Genotype Data

Two genotyping platforms were used to generate high
throughput allele data on approximately 490,000 indi-

viduals. The DNA from most participants (approximately
450,000) was processed on the Affymetrix UK Biobank
Axiom Array, which generated genotypes at 825,927 loci,
wheres the remaining samples were run with the Affymetrix
UK BiLEVE Axiom Array, which provided a similar number
of genotypes (807,411).17 These platforms were similar and
therefore underwent joint quality controls and imputation.18

The 1000 Genomes Project, the UK 10 K, and the Haplo-
type Reference Panel were used to impute genetic architec-
ture. The final dataset contained 92,693,895 genotypes for
487,442 participants.

Principal Component Analysis-Based ancestry

We conducted a principal component analysis (PCA) on the
genotype matrix using the approach proposed by Privé to
determine genetically inferred ancestry and generated nine
subcontinental groups (UK European, Italy, Poland, Ashke-
nazi Jewish, India, China, Iran, Nigeria, and the Caribbean).19

For our analyses, we grouped those into five ancestry
groups: UK European, other European (Italy, Poland, and
Ashkenazi Jewish), Asian (India and China), African (Nige-
ria), and other (Iran and Caribbean). For some additional
analyses, we also used the genetically inferred European
ancestry variable available in the UK Biobank database
(“Genetic ethnic grouping”: Field ID = 22006).

Genetic Scores of Glaucoma-Related Traits

For each individual, we built a PRS involving 2673 uncorre-
lated glaucoma-related common single nucleotide polymor-
phisms (SNPs) after linkage disequilibrium (LD) clumping
at r2 = 0.1 and P value ≤ 0.001 identified by a recent multi-
trait genomewide association study (GWAS) that incorpo-
rates variants associated with IOP, cup-disc ratio, and glau-
coma status.3 The rationale for choosing these SNPs is they
provided the highest area under the receiver operator curve
for detecting glaucoma in an Australian cohort.3 We refer to
this as an mtGPRS. We obtained the GWAS summary statis-
tics from the multitrait analysis of glaucoma features3 and
calculated an mtGPRS with the formula,mtGPRS(j) = ∑

j βj Gji

where β j is the log odds ratio of independent trait-related
SNP j and Gji is a continuous dosage datum for the risk allele
of the SNP j in individual i. For simplicity of interpretation,
we normalized it with a mean of 0 and standard deviation
(SD) of 1.

In sensitivity analyses, we also tested for interactions
between age and trait-specific PRS for four glaucoma traits
(IOP, macula region retinal nerve fiber layer [mRNFL] thick-
ness, macula region ganglion cell (mGCIPL) thickness, and
glaucoma) with the same formula (i.e. PRS = ∑

j βj Gji) for
the mtGPRS but using the genomewide significant SNPs
(P < 5.0e-08) that were associated with each phenotype. The
PRS for IOP, mRNFL, mGCIPL, and glaucoma incorporated
111, 32, 23, and 123 independent common SNPs that had
genomewide significant associations with the phenotypes,
respectively (see the Supplementary SNP lists). We chose
polygenic risk scoring based on SNP panels as opposed to
methods that do not rely on P value thresholds because we
considered several glaucoma traits and not a refined disease
phenotype like POAG. Each set of GWAS summary statistics
was available from previous GWAS analyses of the individ-
ual phenotypes.20–22 As we did for the mtGPRS, each trait-
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specific PRS was also normalized with a mean of zero and SD
of one.

Glaucoma-Related Outcomes

From 2009 to 2013, ophthalmic data were collected on
approximately 115,000 participants in the UK Biobank.
The Ocular Response Analyzer (Reichert Corp.) obtained
random point estimates of corneal-compensated IOP. Qual-
ity control measures instituted to process tonometry data
excluded participants with recent ocular infections and a
history of glaucoma laser or surgery procedures.We imputed
an untreated IOP for participants using ocular hypoten-
sive medicines by multiplying the measured IOP by 1.3,
an approach used in prior studies.22,23 Data from the right
and left eyes were averaged if measurements from both eyes
were available.

At the same time, approximately 65,000 participants
submitted to optical coherence tomography (OCT) for inner
retinal thickness measurements relevant to glaucoma. Spon-
taneous mydriasis induced in a dark room facilitated exami-
nations with the Topcon 3D OCT1000 Mark II that captured
3-dimensional 6 × 6 mm2 macula volume scans. Macula
morphology was reconstructed with 512 A-scans per B scan
and 128 horizontal B scans in a grid format. These scans
were annotated to yield mRNFL and ganglion cell inner plex-
iform layer (mGCIPL) thicknesses. Quality control measures
undertaken to process these data have been previously
described.24 As with the IOP data, a mean of right and left
eye values was calculated when data from both eyes were
available.

Determination of Prevalent Glaucoma

During the study baseline, participants completed a touch-
screen survey displaying the question, “Has a doctor told you
that you have any of the following problems with your eyes?”
They were considered cases if they chose glaucoma from
the menu choices. They were also considered to have glau-
coma if they offered a history of glaucoma laser or surgery,
or their hospital-linked record indicated a diagnosis code for
open-angle glaucoma (International Classification of Disease
9th revision [ICD-9] = 365.* or ICD 10th revision [ICD-10] =
H40**, excluding H40.0* and H42*).

Statistical Analysis

We tabulated characteristics of the study population for the
outcome of IOP by quartiles of age (Q1 = <51, Q2 = 51–57,
Q3 = 58–62, and Q4 = ≥63 years) using mean and SD for
continuous variables and frequency and percentage (%) for
categorical variables. Study population characteristics for the
other outcomes (glaucoma, mRNFL, and mGCIPL) were also
calculated. To explore whether PCA-based ancestry groups
in our data might also modify the age-mtGPRS interaction,
we checked age-stratified IOP distributions, age distribu-
tions, prevalent glaucoma risk, mRNFL, and mGCIPL in each
ancestry group.

We assessed age-stratified associations between the
mtGPRS and four glaucoma-related outcomes (IOP, mRNFL,
mGCIPL, and prevalent glaucoma) using multiple regression
models (linear models for IOP, mRNFL, and mGCIPL; logis-
tic models for prevalent glaucoma) adjusting for potential
confounding factors. The covariates included age, age2, sex,
PCA-based ancestry (UK-European, other European, Asian,

African, and other), Townsend deprivation index (continu-
ous; higher index score indicates more material deprivation),
smoking status (never, past, and current smoker), number of
cigarettes smoked per day (continuous; only among current
smokers), alcohol drinking frequency (never or special occa-
sion only, 1–3 times per month, 1–2 times per week, and
daily or almost daily), coffee and tea intake (cups per day),
physical activity (metabolic equivalent of tasks in hours
per week), body mass index (BMI; kg/m2), systolic blood
pressure (millimeters of mercury [mm Hg]), diabetes (yes
or no), cardiovascular disease (yes or no), spherical equiv-
alent (continuous in diopters), and beta-blocker use (yes
or no). Aside from the main effect of age, the model also
included the effect of age2, to account for possible nonlinear
age effects which could impact the validity of gene-by-age
interaction tests. As we also observed that the age-specific
associations of mtGPRS and the outcomes depended on the
level of the Townsend deprivation index, we added an age-
deprivation interaction term in the statistical models.

The significance of both marginal and interaction effect
estimates was assessed using Wald tests. Because age
appeared to modify the relationships between mtGPRS and
glaucoma linearly, we did not model age2 – mtGPRS inter-
actions.

We conducted multiple secondary analyses to further
characterize the observed interaction effects. First, data
for the interaction between age and mtGPRS in the
multivariable-adjusted models were calculated for Euro-
peans only, the predominant group in the UK Biobank.
Second, comparable age-stratified associations between
trait-specific PRSs and glaucoma outcomes (IOP, mRNFL,
mGCIPL, and glaucoma) were assessed with similar multi-
variable regression models. Analyses using trait-specific
PRSs involving European-only participants were also
performed.

We conducted a sensitivity analysis to see how the inter-
action effects varied by genetically inferred ancestry (i.e. all
UK Biobank participants, European participants only, and
non-European participants). For comparison, we repeated
the same analysis for IOP. As patients with diabetes melli-
tus (DM) have higher IOP and increased glaucoma risk and
are encouraged to get frequent eye examinations, we also
performed additional sensitivity analyses by excluding any
glaucoma cases at baseline or excluding participants with
DM.

To investigate whether individual biologically important
genetic variants of IOP and glaucoma have age-specific
effects, we evaluated age-stratified associations between
IOP SNPs (rs74315329 on MYOC; and rs116089225 and
rs10918274 on TMCO1) and IOP and between glaucoma
SNPs (rs10965235 on CDKN28-AS1 and rs33912345 on SIX6)
and prevalent glaucoma. We also assessed an interaction
effect of age and each IOP- or glaucoma-related SNP in the
association with IOP and glaucoma, respectively.

To examine whether sex modifies the age-specific asso-
ciations, we performed stratified analyses by sex for
age-specific relationships between mtGPRS and the four
outcomes and assessed a three-way interaction term of age,
sex, and mtGPRS with the Wald test for each outcome. Simi-
larly, we performed age-specific associations between trait-
specific PRSs and the four outcomes by sex and evaluated
the interaction effects of age, sex, and trait-specific PRSs.

We assessed age-specific associations of mtGPRS and four
outcomes in stratified analysis by ancestry groups. To exam-
ine whether the age-specific associations are different by

Downloaded from iovs.arvojournals.org on 02/25/2025



Age-Polygenic Risk Score Interactions in Glaucoma IOVS | February 2025 | Vol. 66 | No. 2 | Article 57 | 4

ancestry, we included a three-way interaction term of age,
mtGPRS, and ancestry to the regression models, and tested
it with the Wald test.

All the analyses were performed using the R software and
the nominal significance of statistical tests was determined
by P value < 0.05.

RESULTS

Characteristics of UKB Study Participants

For 118,153 UK Biobank study participants with data on
IOP, the mean age (SD) was 56.8 (8.0) years. The major-
ity of the participants (≥79%) were UK Europeans across
all age groups (Table 1). Compared with younger partici-
pants, the oldest participants smoked less, and were more
physically active; however, they were more likely to have
diabetes and cardiovascular diseases and were more likely to
use beta-blocker medicines. Mean IOP (SD) overall was 16.0
(3.8) mm Hg and increased from 15.2 (3.5) mm Hg in partici-
pants in the lowest age quartile (<51 years) to 16.7 (4.0) mm
Hg in the highest age quartile (≥63 years). Glaucoma preva-
lence overall was 4.7% and increased from 1.7% in partici-
pants in the lowest age quartile (<51 years) to 7.8% in the
highest age quartile (≥63 years; Supplementary Table S1).

Age-specific characteristics for mRNFL and mGCIPL thick-
nesses are described in Supplementary Tables S2 and S3.
Overall, mean mRNFL (SD) and mean mGCIPL (SD) thick-
nesses in these populations were 28.9 microns (3.8), and
75.2 microns (5.2), respectively. The distribution of age,
glaucoma status, IOP, mRNFL, and mGCIPL as a function
of genetically inferred ancestry is shown in Supplementary
Figure S1. Participants of African descent were younger than
other ancestral groups represented in the UK Biobank but
had a higher prevalence of glaucoma and higher IOP in
every age category (see Supplementary Fig. S1).

Age-Stratified Associations of Multitrait Glaucoma
Polygenic Risk Scores and Four Outcomes

We evaluated associations between the mtGPRS and four
outcomes (IOP, mRNFL, mGCIPL, and prevalent glaucoma)
by age quartiles, as well as interaction effects of the mtGPRS
and continuous age on the outcomes (Fig. 1, Supplemen-
tary Table S4). Overall, because we found little confound-
ing by covariates, we solely refer to multivariable-adjusted
results in the text. The mtGPRS was strongly related to IOP,
with stronger associations for older individuals (<51 years =
0.95 mm Hg vs. ≥63 years: and 1.24 mm Hg per SD increase
in mtGPRS). The interaction test between the mtGPRS and

TABLE 1. Age-Stratified Characteristics of the UK Biobank Study Participants With Intraocular Pressure Measurements

Age*

<51 Y 51–57 Y 58–62 Y ≥63 Y
Characteristic (N = 29,354) (N = 26,271) (N = 27,392) (N = 35,136)

Age, y, mean (SD) 45.5 (3.0) 54.1 (2.0) 60.2 (1.4) 65.7 (2.0)
Female sex, n (%) 16,049 (54.7) 14,787 (56.3) 14,820 (54.1) 17,523 (49.9)
Ancestry,† n (%)
UK EUR 23,189 (79.0) 22,500 (85.6) 24,738 (90.3) 32,332 (92.0)
Other EUR 1,225 (4.2) 933 (3.6) 871 (3.2) 869 (2.5)
Asian 1,319 (4.5) 843 (3.2) 563 (2.1) 596 (1.7)
African 908 (3.1) 487 (1.9) 226 (0.8) 264 (0.8)
(Other) 2,713 (9.2) 1,508 (5.7) 994 (3.6) 1,075 (3.1)

Townsend Deprivation Index, mean (SD) −0.5 (3.1) −1.0 (3.0) −1.4 (2.9) −1.4 (2.8)
Smoking status, n (%)
Never 18,190 (62.0) 15,502 (59.0) 14,865 (54.3) 17,595 (50.1)
Past 7,286 (24.8) 8,075 (30.7) 10,244 (37.4) 15,100 (43.0)
Current 3,878 (13.2) 2,694 (10.3) 2,283 (8.3) 2,441 (6.9)

Alcohol drinking frequency, n (%)
Never or special occasion only 6,388 (21.8) 5,279 (20.1) 5,157 (18.8) 7,561 (21.5)
Ever and often 22,966 (78.2) 20,992 (79.9) 22,235 (81.2) 27,575 (78.5)

Coffee, cups per day, mean (SD) 1.8 (1.8) 1.9 (1.8) 1.9 (1.7) 1.9 (1.7)
Tea, cups per day, mean (SD) 2.9 (2.1) 3.2 (2.1) 3.2 (2.0) 3.2 (2.0)
Physical activity, MET-hours/week, mean (SD) 43.7 (45.1) 42.1 (44.1) 43.4 (43.4) 46.3 (44.2)
Body Mass Index, kg/m2, mean (SD) 27.0 (4.6) 27.3 (4.6) 27.4 (4.4) 27.5 (4.3)
Systolic blood pressure, mm Hg, mean (SD) 129.0 (15.7) 135.0 (17.0) 139.8 (17.9) 144.2 (18.3)
Diabetes, n (%) 994 (3.4) 1,403 (5.3) 1,778 (6.5) 2,895 (8.2)
Cardiovascular disease, n (%) 382 (1.3) 847 (3.2) 1,495 (5.5) 3,084 (8.8)
Systemic beta-blocker use, n (%) 581 (2.0) 1,099 (4.2) 1,950 (7.1) 3,591 (10.2)
Spherical equivalent, diopters, mean (SD) −0.9 (2.5) −0.6 (2.7) −0.2 (2.7) 0.3 (2.6)
IOP, mm Hg, mean (SD)‡ 15.2 (3.5) 15.7 (3.6) 16.3 (3.8) 16.7 (4.0)
Glaucoma at baseline, n (%) 178 (0.6) 335 (1.3) 585 (2.1) 1,207 (3.4)
mtGPRS, mean (SD)§ 0.0 (1.0) 0.0 (1.0) 0.0 (1.0) 0.0 (1.0)

EUR, European; IOP, intraocular pressure; MET, metabolic equivalent task; mtGPRS, multitrait glaucoma polygenic risk score; SD, standard
deviation; UK, United Kingdom.

* Age was categorized with quartiles in all UK Biobank amongst participants with available IOP measurements.
† Genetic Principal component analysis based.
‡ IOP represents corneal-compensated values measured with the Ocular Response Analyzer.
§ The mtGPRS polygenic was normalized so that the mean was 0 and the SD was 1.
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FIGURE 1. Age-stratified associations between multitrait glaucoma polygenic risk score (mtGPRS) per standard deviation (SD) and
four outcomes in UK Biobank participants. (A) IOP, n = 118,153; (B) mRNFL thickness, n = 42,132; (C) mGCIPL thickness, n = 42,042;
(D) glaucoma risk, n = 192,283. IOP, intraocular pressure; mGCIPL, macula region ganglion cell complex inner plexiform layer; mtGPRS,
multitrait glaucoma polygenic risk score; mRNFL, macula region retinal nerve fiber layer thickness; UK, United Kingdom. Adjusted for
age, age2, sex, principal component analysis-based ancestry, smoking status (never, past, current), number of cigarettes (only among current
smokers), alcohol consumption (never/special occasion only or ever/frequently), physical activity (MET-hours/week), Townsend Deprivation
Index, body mass index (kg/m2), systolic blood pressure (mm Hg), diabetes mellitus, cardiovascular disease, spherical equivalents (diopters),
coffee and tea intake, beta-blocker use, and age* deprivation interaction. NB: P value of the interaction test (Wald test) the interaction between
mtGPRS and continuous age.

continuous age for IOP was highly significant (Pinteraction

= 2.7e-27). Similarly, we observed that the mtGPRS was
strongly associated with prevalent glaucoma, and the asso-
ciations were generally stronger with older age (OR per
SD increase in mtGPRS: 2.38 to 2.75 for <51 years and
≥63 years, respectively). For glaucoma, we also detected a
significant interaction between mtGPRS and age (Pinteraction =
1.0e-6). There were inverse relations between mtGPRS and
inner retinal biomarkers (−0.09 microns and –0.18 microns
per SD of mtGPRS for mRNFL and mGCIPL, respectively)
for participants age ≥63 years (see Supplementary Table
S4). There was very limited evidence of mtGPRS-by-age
interaction on inner retinal biomarkers (mRNFL Pinteraction

= 0.01 and mGCIPL Pinteraction = 0.15). Because age modi-
fied the relationship between mtGPRS and glaucoma indica-
tors other than IOP at a much lower significance level, we
also explored trait-specific PRSs as the exposure of interest.
Age modifications of the relations between glaucoma trait-
specific PRSs and our glaucoma outcomes were materially
similar to those reported for the mtGPRS in the UK Biobank
cohort (Supplementary Fig. S2, Supplementary Table S5).

Sensitivity Analyses for Age-Stratified
Associations of mtGPRS and the Four Outcomes:
Europeans, Exclusion of Glaucoma Cases, and
Exclusion of Participants With Diabetes Mellitus

The relation between mtGPRS and IOP as a function of
age among Europeans (Pinteraction = 1.7e-17; N = 92,693;

Supplementary Table S6) was similar compared to the UKBB
cohort overall (Pinteraction = 2.7e-27; N = 118,153; see Supple-
mentary Table S4). Conversely, the relation between the
mtGPRS and glaucoma conditional on age was substantially
weaker (Pinteraction = 0.13; 7298 cases among 154,406 partic-
ipants; see Supplementary Table S6). The results were not
importantly altered when the exposure was trait-specific
PRSs, as opposed to the mtGPRS (Supplementary Table S7).
When illustrated graphically, it is evident that Europeans
were strong drivers of the interaction between mtGPRS and
continuous age for IOP (Fig. 2A). In contrast, non-European
participants were strong drivers for the continuous age
– mtGPRS interaction for glaucoma (Pinteraction = 3.2e-04;
N = 37,877; Fig. 2B).

Age significantly modified an inverse relation between
mtGPRS and mRNFL among Europeans (Pinteraction = 8.0e-03;
see Supplementary Table S6) but did not modify the relation-
ship between mtGPRS and mGCIPL in the same racial group
(Pinteraction = 0.18; see Supplementary Table S6). These trends
were not qualitatively altered when trait-specific PRSs, as
opposed to the mtGPRS, were the exposures of interest (see
Supplementary Table S7).

IOP is a strong genetic endophenotype of glaucoma,25

so we explored whether the relationship between mtGPRS
and IOP varied as a function of age after excluding partic-
ipants with glaucoma (N = 116,287; Supplementary Table
S8). Whether we considered genetically inferred Euro-
peans only or included all ancestral groups, the positive
relation between mtGPRS and IOP increased with age
(Pinteraction = 9.3e-07; see Supplementary Table S8). The
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FIGURE 2. Sensitivity analysis of interaction effects between multitrait glaucoma polygenic risk score as a function of age. Europeans
(red); N = 92,693 for IOP, N = 154,406 for glaucoma. Non-European UK Biobank participants (blue); N = 25,460 for IOP, N = 37,877 for
glaucoma. For (A), the P-interaction represents the significance of continuous age modifying the relation between mtGPRS and IOP. For
(B), the P-interaction represents the significance of continuous age modifying the relation between mtGPRS and glaucoma. Adjusted for
age, age2, sex, principal component analysis-based ancestry (this variable was excluded in the subgroup analysis for Europeans and non-
Europeans, smoking status (never, past, or current) number of cigarettes (only among current smokers), alcohol consumption (never/special
occasion only or ever/frequently), physical activity (MET-hours/week), Townsend Deprivation Index, body mass index (kg/m2), systolic
blood pressure (mm Hg), diabetes mellitus, cardiovascular disease, spherical equivalents (diopters), coffee and tea intake, beta-blocker use,
and age* deprivation. NB: In this analysis, age is adjusted for participants up to age 55 years and then incrementally for each additional
chronological year. The dashed horizontal line indicates a P value of 0.05.

age modification of the inverse relation between mtGPRS
and mRNFL (Pinteraction = 0.05; see Supplementary Table S8;
N = 41,601) persisted after excluding glaucoma cases.
Finally, the absence of an effect of age modification on the
relation between mtGPRS and mGCIPL was not changed
after excluding glaucoma cases.

Finally, patients with DM have higher IOP and increased
glaucoma risk,26 so we further explored whether age modi-
fied the relationship between multitrait GPRS and glaucoma
features like IOP (N = 111,083) and glaucoma (N = 179,232)
after excluding participants with DM. Again, we found simi-
lar age modifications in these relationships that mirrored
the trends we found in the cohort overall (Supplementary
Table S9).

Age-Stratified Associations of Selected Candidate
Loci and the Four Glaucoma-Related Outcomes

MYOC harbors rare but highly penetrant exon 3 variants
with known effects on human trabecular meshwork func-
tion27 and POAG risk at the population-based level.28 An
MYOC exon 3 variant (rs74315329; effect allele: A) was asso-
ciated with a 1.63 mm Hg (95% confidence interval [CI]
= 0.64 to 2.64) and 2.67 mm Hg (95% CI = 1.7 to 3.60)
increased IOP in participants <51 years old and ≥63 years
old, respectively, resulting in a nominally significant age-
gene interaction (Pinteraction = 0.05; Supplementary Table
S10). TMCO1 contains a common locus with a large effect
size for IOP29 and TMCO1 variants predicted conversion
from ocular hypertension to POAG in the Ocular Hyper-

tension Treatment Study.30 The TMCO1 variant (rs10918274;
effect allele: T) was associated with a 0.34 mm Hg (95% CI
= 0.25 to 0.44) and 0.46 mm Hg (95% CI = 0.36 to 0.56)
increased IOP in participants <51 years old and ≥63 years
old, respectively, resulting in a significant age-gene inter-
action (Pinteraction = 0.01; see Supplementary Table S10).
Conversely, we did not find evidence for interaction between
age and MYOC or TMCO1 variants on glaucoma (Pinteractio ≥
0.09). Two top common variants in CDKN2B-AS1 and SIX6,
thought to impact optic nerve vulnerability in POAG,31–33

were significantly associated with glaucoma risk in partici-
pants ≥63 years, but the risk did not vary significantly with
age (Pinteraction ≥ 0.39; see Supplementary Table S10).

Sex-Stratified, Age-Stratified Associations of
Multitrait Glaucoma Polygenic Risk Score and
Four Outcomes

After stratification by sex, age continued to modify the asso-
ciation between mtGPRS and IOP as well as the association
between mtGPRS and glaucoma (Pinteraction ≤ 0.01; Table 2);
no significant three-way interaction among mtGPRS, contin-
uous age, and sex was evident (P3-way interaction ≥ 0.68).
Among male subjects, there was no relationship between
the mtGPRS and mRNFL thickness across all ages (−0.04
microns per SD of mtGPRS, 95% CI = –0.10 to 0.01). For
female subjects, there was an inverse association between
mtGPRS and mRNFL thickness in participants 63 years and
older (−0.14 microns per SD of mtGPRS, 95% CI = −0.25
to −0.03]) yielding both a significant interaction with age
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TABLE 2. Age-Stratified Associations Between Multitrait Glaucoma Polygenic Risk Score (mtGPRS) Per Standard Deviation (SD) and Four
Outcomes by Sex Among UK Biobank Participants

Male Female

Age* N
Beta [95% CI] Per
SD of mtGPRS Pinteraction† N

Beta [95% CI] Per
SD of mtGPRS Pinteraction† Pinteraction‡

IOP, mm Hg
All 54,974 1.17 [1.13 to 1.20] 2.9 e-14 63,179 1.05 [1.02 to 1.08] 3.9 e-13 0.72
<51 y 13,305 1.01 [0.95 to 1.07] 16,049 0.89 [0.84 to 0.95]
51–57 y 11,484 1.05 [0.98 to 1.12] 14,787 1.00 [0.94 to 1.05]
58–62 y 12,572 1.24 [1.18 to 1.31] 14,820 1.12 [1.06 to 1.18]
≥63 y 17,613 1.29 [1.24 to 1.36] 17,523 1.17 [1.11 to 1.23]

mRNFL thickness (microns)
All 19,939 −0.04 [−0.10 to 0.01] 0.69 22,193 −0.01 [−0.07 to 0.04] 0.001 0.04
<51 y 5,344 0.01 [−0.10 to 0.11] 5,996 0.09 [−0.02 to 0.20]
51–57 y 4,237 −0.17 [−0.29 to −0.05] 5,270 0.003 [−0.11 to 0.11]
58–62 y 4,314 0.03 [−0.09 to 0.14] 5,030 0.001 [−0.11 to 0.11]
≥63 y 6,044 −0.05 [−0.15 to 0.05] 5,897 −0.14 [−0.25 to −0.03]

mGCIPL thickness (microns)
All 19,868 −0.17 [−0.25 to −0.10] 0.99 22,174 −0.10 [−0.17 to −0.03] 0.04 0.16
<51 y 5,301 −0.15 [−0.29 to −0.01] 6,001 −0.03 [−0.16 to 0.11]
51–57 y 4,220 −0.26 [−0.42 to −0.10] 5,265 −0.09 [−0.24 to 0.05]
58–62 y 4,308 −0.12 [−0.27 to 0.04] 5,012 −0.11 [−0.26 to 0.03]
≥63 y 6,039 −0.18 [−0.32 to −0.05] 5,896 −0.18 [−0.31 to −0.04]

SD of mtGPRS SD of mtGPRS
N Case/N Total OR [95% CI] Per Pinteraction† N Case/N Total OR [95% CI] Per Pinteraction† Pinteraction‡

Glaucoma risk
All 4,680/88,713 2.75 [2.66 to 2.85] 0.01 4,302/103,570 2.62 [2.52 to 2.72] 0.004 0.68
<51 y 422/21,483 2.45 [2.21 to 2.73] 362/25,420 2.28 [2.02 to 2.58]
51–57 y 706/18,668 2.58 [2.37 to 2.82] 685/23,771 2.57 [2.35 to 2.81]
58–62 y 1,147/19,995 2.93 [2.73 to 3.14] 1,107/24,222 2.69 [2.51 to 2.90]
≥63 y 2,405/28,567 2.81 [2.67 to 2.96] 2,148/30,157 2.69 [2.54 to 2.84]

CI, confidence interval; IOP, intraocular pressure; mRNFL, macula region retinal nerve fiber layer; mGCIPL, macula region ganglion cell
inner plexiform layer thickness; OR, odds ratio; y, years.

* Categorization based on the quartiles of age in the full UK Biobank amongst participants with available IOP measurements.
† P value of the interaction test (Wald test) between MTAG PRS and continuous age.
‡ P value of the three-way interaction (Wald test) of MTAG PRS, continuous age, and sex.

(Pinteraction = 0.001) as well as a significant 3-way interaction
between mtGPRS, continuous age and sex (P3-way interaction

= 0.04). In female subjects 63 years of age and older,
there was an inverse relationship between mtGPRS and
mGCIPL that was stronger with older age (Pinteraction = 0.04);
no 3-way interaction among mtGPRS, continuous age, and
sex existed (P3-way interaction = 0.16). When age-specific asso-
ciations between trait-specific PRSs and the four glaucoma-
related outcomes were stratified by sex, no significant
three-way interactions were evident (P3-way interaction ≥ 0.22;
Supplementary Table S11). When age-specific associations
between mtGPRS and the four glaucoma traits were strati-
fied by ancestry, no significant interactions among mtGPRS,
age, and ancestry were noted (Supplementary Table S12;
P3-way interaction ≥ 0.09).

DISCUSSION

IOP is a polygenic trait strongly related to POAG.22 A higher
IOP PRS is a risk factor for higher IOP and POAG.4 A higher
IOP PRS has been associated with more severe glaucoma,
the need for more glaucoma surgery, and a larger number
of family members affected.34 Our work extends those obser-
vations by showing that increasing age consistently ampli-
fies the relationship between a mtGPRS and IOP in both
sexes. This is remarkable as the multivariable models control
for both age and age2 to consider possible nonlinear rela-
tionships. It is unclear whether age modifies the effect of

mtGPRS scores in non-European ancestral groups, as they
are under-represented in the UK Biobank. Similar results
were obtained after excluding participants with glaucoma
or participants with DM, who tend to have higher IOP, are
at higher risk of glaucoma, and are recommended to get
more frequent eye examinations (see Supplementary Tables
S8, S9). When an IOP PRS was substituted for the mtGPRS
in sensitivity analysis, we also found similar results (see
Supplementary Table S5). A selected single rare variant with
the largest known IOP effect size (MYOC, rs74315329) and a
top common variant with a more modest IOP effect (TMCO1,
rs10918274) also exhibited stronger effects in older partici-
pants that were statistically significant (Pinteraction ≤ 0.05; see
Supplementary Table S10). The consistent increase in effects
of the mtGPRS and IOP PRS on IOP as a function of age may
partially explain why POAG is a strongly age-related disease.

POAG has emerged as a polygenic disease,2,3 and, as for
most common human diseases, aggregating disease-related
variants into PRS has become the primary strategy for the
translation of genetic findings to public health. Yet, disen-
tangling the relationship between such scores and glaucoma
by age, sex, and ancestral groups could help refine glau-
coma screening strategies. We find that among participants
younger than 51 years old, the mtGPRS increased glaucoma
risk by 2.35-fold per each SD whereas it increased glaucoma
risk by 2.75-fold per SD for participants 63 years of age
and older. This effect of modification by age was statistically
significant and it could have implications for enhancing the
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positive predictive strategy for glaucoma screening. Assum-
ing the population prevalence of POAG increases from 2%
to 4% for people <51 years and people >63 years, respec-
tively, then the glaucoma prevalence in these age brackets
increases from 9.4% to 22% for people at the highest 2 SD
cutoff for mtGPRS. Using a 2-tier approach to screen a popu-
lation where >1 in 5 have glaucoma might be cost-effective,
although cases among those with lower genetic risk will still
be missed. After stratification by age, further subdivision by
sex did not yield additional insights into glaucoma screening
methods.

Interestingly, non-Europeans, not participants of Euro-
pean descent, were the main drivers of the age-mtGPRS
interaction on glaucoma (see Fig. 2B). Detection bias may
explain this trend as non-Europeans tended to be younger
than Europeans among study participants and younger
people may be less likely to get screened for glaucoma;
furthermore, the prevalence of glaucoma was higher in
people of color versus Europeans (see Supplementary Fig.
1B). IOP-independent factors may explain why the mtGPRS
increased glaucoma risk with age in non-Europeans as age
only weakly modified the relationship between mtGPRS
and IOP in non-Europeans. Importantly, the sample size for
the non-Europeans was substantially smaller than for the
Europeans, so some of the observed differences might be
explained by a lack of statistical power and larger datasets
will be required to assess these findings.

RNFL and GCIPL thicknesses are inner retinal biomarkers
that decline with progressive glaucoma. Mendelian Random-
ization experiments suggest that genetic determinants of
these biomarkers are not in the causal pathway of glau-
coma.20 As expected, trait-specific PRSs for mRNFL and
mGCIPL have strong positive associations with the respec-
tive thicknesses of these inner retinal layers but these rela-
tionships did not vary noticeably by age (see Fig. 1). A
higher mtGPRS was associated with an inverse association
with mRNFL thickness only in participants ≥63 years old.We
found a more consistent inverse relation between mtGPRS
and mGCIPL, but this inverse relation did not become signif-
icantly stronger with age. We can infer from these findings
that the mtGPRS does not have profound direct associa-
tions with the tissues targeted in glaucoma optic neuropathy.
Rather, it may be the consequence of a strong genetic predis-
position to elevated IOP, which produces loss of inner reti-
nal tissue in glaucoma. Interestingly, a study that integrated
gene regulation and single-cell RNA sequence to gain func-
tional insight into glaucoma genomewide significant loci did
not nominate retinal ganglion cells or their axons, the tissues
that comprise the RNFL and GCIPL.35

People <51 years of age had a 0.95 mm Hg higher IOP
per SD of mtGPRS and people ≥63 years had a 1.24 mm
Hg higher IOP per SD of mtGPRS (Pinteraction = 2.7e-27). This
strong modification effect raises the question of whether IOP
itself increases as a function of age, regardless of genetic
status. Data on the longitudinal change in IOP as a func-
tion of age yields mixed results, with reports of mostly IOP
decreases36–41 and some increases42,43 with age in individu-
als of Asian ancestry, whereas others reported increases of
IOP with age in individuals of African ancestry44 and Euro-
peans.45,46 In this cross-sectional, largely European cohort,
IOP did increase with age (see Table 1), and in every age
stratum, individuals of African ancestry had higher IOP than
people of other ancestries (see Supplementary Fig. S1C).
Reportedly, genetic heritability to higher IOP increases with
age but the trend was inconsistent.47 We estimated IOP SNP

heritability (h2) in unrelated UK Biobank participants of
European ancestry using LD score regression (LDSC) but
did not observe any significant trend with increasing age
(Supplementary Table S13).48 This suggests a combination
of genetic and non-genetic factors may result in the strong
modifying effect of age on genetic predisposition to higher
IOP. Exactly how aging impacts the genes involved in deter-
mining IOP levels is unknown.

Strengths of this study include the large sample size
which allowed us to explore how age, an important risk
factor for POAG, modified the relation between mtGPRS and
IOP as well as glaucoma. All sensitivity analyses, including
the uses of trait-specific PRSs, investigations of interaction
effects of age on top IOP loci-IOP relationships, and exclud-
ing patients with glaucoma and patients with DM who tend
to have higher IOP, yielded consistent results.

This work also has some limitations. First, the UK
Biobank displays a slight healthy volunteer bias, which
could impact the observed PRS-by-age interaction effects.
Second, the limited sample size for non-European ancestries
does not allow for detailed ancestry-specific age-mtGPRS
interactions, and our results may not be generalizable to
non-Europeans. Third, UK Biobank participants range in
age from 37 to 73 years. It would be of interest to assess
age modification of the genetic risk of glaucoma for partic-
ipants outside this age range. Fourth, case confirmation of
self-reported glaucoma in the UK Biobank is not available,
and misclassification of glaucoma undoubtedly occurred, but
such misclassification would drive our results to the null, and
we find that the definition of glaucoma produces consistent
results across the spectrum of age and ancestry (see Supple-
mentary Tables S12 and S14). Although different PRS meth-
ods exist that use all variants,49 our SNP panel method that
relied on P value thresholds was more suitable for this analy-
sis and does not change the fundamental conclusion that age
modifies the relationship between glaucoma genetic predis-
position and key glaucoma features.

Overall, our study demonstrates that genetic predisposi-
tion to higher IOP and glaucoma is amplified by older age.
As genetic risk scoring for glaucoma becomes more readily
available, those with the highest genetic predisposition need
to be prioritized for glaucoma screening. In the UK Biobank,
those in the 58 to 62-year-old age group had the highest odds
of having glaucoma. This information is useful for planning
screening strategies for those currently undiagnosed individ-
uals in the most vulnerable populations. Finally, resilience
biomarkers related to younger age hold promise for mitigat-
ing the genetic predisposition to higher IOP and glaucoma
in older individuals.
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