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ARTICLE INFO ABSTRACT

Keywords: Purpose: Observational studies have reported positive associations between glaucoma and stroke; however,
Glaucoma controversial results exist. Importantly, the nature of the relationship remains unknown since previous studies
Stroke were not designed to test causality. Therefore, we aimed to investigate the possible causal relationships between
Mendelian randomization

) glaucoma and stroke.
Causation

Methods: Our two-sample Mendelian randomization (MR) encompassed multi-ethnic large-scale genome-wide
association studies with more than 20000 cases and 260000 controls for glaucoma, and more than 80000
cases and 630000 controls for stroke. Individual effect estimates for each SNP were combined using the inverse-
variance weighted (IVW) method. To avoid potential pleiotropic effects, we adjusted the main results by
excluding genetic variants associated with metabolic factors. The weighted median and MR-Egger methods were
also used for the sensitivity analysis.

Results: Our MR analysis revealed that glaucoma and its subtypes, including primary open-angle glaucoma and
primary angle-closure glaucoma, exhibited no causal role in relation to any stroke (AS), any ischemic stroke (AIS),
large-artery atherosclerotic stroke (LAS), small-vessel stroke (SVS), or cardioembolic stroke (CES) across MR
analyses (all P > 0.05). The null associations remained robust even after adjusting for metabolic-related traits and
were consistent in both the European and Asian populations. Furthermore, reverse MR analyses also did not
indicate any significant causal effects of AS, AIS, LAS, or CES on glaucoma risk.

Conclusions: Evidence from our series of causal inference approaches using large-scale population-based MR an-
alyses did not support causal effects between glaucoma and stroke. These findings suggest that the relationship of
glaucoma management and stroke risk prevention should be carefully evaluated in future studies. In turn, stroke
diagnosis should not be simply applied to glaucoma risk prediction.

Metabolic-related trait

1. Introduction

Stroke is a leading cause of disability and a major cause of mortality
worldwide.! Secondary stroke prevention lies in deciphering the most
likely stroke mechanism. In general, controlling vascular risk factors is
one of the main goals in stroke prevention.” Ocular conditions have been
suggested as a significant comorbidity in vascular disability related to
stroke, with approximately 60% of people with chronic stroke reporting
ocular deficits.>> Among stroke survivors, comorbid glaucoma is
particularly common, especially among older adults.®’

Glaucoma is a well-known multifactorial disease that leads to the

acquired loss of retinal ganglion cells and axons within the optic nerve,
causing optic neuropathy and a corresponding progressive loss of visual
fields.® Due to its often-asymptomatic nature until a relatively late stage,
diagnosis is frequently delayed.’

The pathogenesis of glaucoma is proposed to involve two major
theories: "the mechanical theory" and "the vascular theory". Elevated
intraocular pressure is a well-known major risk factor for glaucoma. In
addition, growing evidences suggest that vascular factors may play a
crucial role in glaucoma pathogenesis.'”!! Stroke acting as a represen-
tative vascular disease,'? highlighting the clinical and biological rele-
vance of investigating the relationship between glaucoma and stroke.
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Previous observational studies have substantially reported positive
associations between glaucoma subtypes and the risk of stroke,'>1°
especially among Asian populations.'>'® However, the causal nature of
this relationship remains unknown, as circulation disabilities are
assumed to be common factors in the occurrence or progression of both
stroke and glaucoma.?>?! Reverse causality also makes sense, as cere-
brovascular disease may be a potential risk factor for glaucomatous optic
nerve damage.’’>> More importantly, conflicting evidences exists
regarding this relationship, and after adjusting for selected risk factors,
the association between stroke risk and glaucoma shows no overall sta-
tistical significance.?® In a study involving patients with diabetes, glau-
coma was not associated with an increased risk of stroke mortality.?”
Since observational studies are characterized by potential confounding
factors, the biological basis for the associations between glaucoma and
stroke risk has not yet been firmly established.

Mendelian randomization (MR) is often used to evaluate the causality
of risk factors for outcomes of interest. Causality can be inferred because
the alleles of a particular exposure-associated genotype are randomly
assigned at conception. This random assignment helps minimize the bias
introduced by confounding factors and reverse causation in conventional
observational studies.?® Previous MR studies have investigated the effect
of circulating metabolites on the risk of glaucoma,?® the causal rela-
tionship between risk of T2D and glaucoma,* and various risk factors for
stroke progression.>'* However, to the best of our knowledge, no MR
study has investigated the causal relationship between glaucoma and
stroke risk. Therefore, we have incorporated the largest available data-
sets to examine the potential effect of glaucoma and its subtypes on
stroke risk, encompassing any stroke (AS), any ischemic stroke (AIS),
large-artery atherosclerotic stroke (LAS), small-vessel stroke (SVS), and
cardioembolic stroke (CES). Further, stratified analyses have been con-
ducted for glaucoma subtypes and different populations. On the other
hand, we have also investigated whether a predisposition to the afore-
mentioned stroke subtypes affects the occurrence or progression of
glaucoma.

2. Material and methods
2.1. Study design

We explored the relationship between glaucoma and stroke by con-
ducting a two-sample MR study using summary statistics from two
different studies, in order to determine the causal effect of glaucoma and
its subtypes on stroke. Additionally, we employed MR to investigate
whether a predisposition to stroke is likely to impact glaucoma risk.

The studies included in our research have received ethical approval
from relevant institutional review boards. According to the institutional
review board of the Second Affiliated Hospital of Zhejiang University
School of Medicine, as we utilized publicly available summary-level data
from the published genome-wide meta-analysis, no additional ethical
approval was required.

2.2. Data sources

Summary statistics for the association between single-nucleotide
polymorphisms (SNPs) and glaucoma were extracted from a meta-
analysis that combined the Genetic Epidemiology Research in Adult
Health and Aging (GERA) cohort and the UK Biobank (UKBB), involving
240302 individuals, including 214102 European, 5189 Hispanic or Latin
American, 6950 African, 10490 Asian, and 3571 participants of other
mixed ancestry.®®> Specifically, genetic associations with primary
open-angle glaucoma (POAG) were obtained from GERA, including
51901 European, 5189 Hispanic or Latin American, 1847 African, and
4475 Asian.’® Genetic associations with primary angle-closure glaucoma
(PACG) were obtained from case-control collections enrolled from 15
countries, including 5516 Europeans and 20938 Asians.* Genetic asso-
ciations with POAG were obtained from a meta-analysis of Biobank
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Japan (BBJ), the Japan Multi-Institutional Collaborative Cohort Study
(J-MICC), and the Japan Public Health Center-based Prospective Study
(JPHC), involving 22795 Asian.®” Additionally, genetic associations with
intraocular pressure (IOP) were derived from a meta-analysis that com-
bined the UKBB, the International Glaucoma Genetics Consortium
(IGGQ), and The European Prospective Investigation into Cancer- Norfolk
(EPIC-Norfolk), including 139555 European.38

Summary data for the association between SNPs and stroke was
extracted from the MEGASTROKE consortium, encompassing up to
521612 individuals, including 446696 European, 1557 Hispanic or Latin
American, 17953 African, and 55406 Asian participants.> In addition,
we obtained summary statistics for the association between SNPs and
ischemic stroke from BBJ, involving 210054 Asian participants.*
Detailed definition criteria for glaucoma and stroke cases were described
in the original publications. The descriptive characteristics of the
included studies are shown in Table 1.

2.3. Selection of SNPs

Genetic instruments associated with exposures that reached genome-
wide significance (P < 5 x 10~®) were obtained from genome-wide as-
sociation studies described above. For each selected SNP, we initially
assessed its strong association with the exposure using the F-statistic. A SNP
with an F-statistic greater than 10 was supposed to be a strong instru-
ment.*! After excluding weak instruments, we further pruned index SNPs
for linkage disequilibrium (R?> > 0.01 and clump distance <10000 kb)
based on the LDlink online tool (https://Idlink.nci.nih.gov). To ensure that
the selected SNPs were solely linked with the outcomes via the exposure,
we also checked for pleiotropy. We excluded SNPs with potential pleio-
tropic associations with the outcome, defined by an outcome association P
value below the genome-wide suggestive significance level of 1 x 107>, As
previous large population-based studies have demonstrated associations
between glaucoma and factors such as body mass index,*? diabetes,*>
hypertension,** and dyslipidemia,** all of which are associated with
strokes,*> metabolic-related traits may serve as potential pleiotropic con-
founders. Therefore, we further checked whether the selected instruments
were associated with glucolipid metabolism (including diabetes, dyslipi-
demia, and glycemic/lipid traits), blood pressure (including hypertension)
or body mass index using PhenoScanner (www.phenoscanner.medschl.
cam.ac.uk). Totally, we obtained 46 SNPs for glaucoma, 11 SNPs for
POAG, 8 SNPs for PACG in the European population. We selected 11 SNPs
for POAG in the Asian population as genetic instruments. Additionally, we
obtained 15 SNPs for IOP. For stroke, we identified 16 SNPs for AS, 17
SNPs for AIS, 6 SNPs for LAS, and 3 SNPs for CES in the European popu-
lation as genetic instruments, respectively. Detailed information and po-
tential metabolic-related confounders are provided in Supplemental
Tables S1-S4.

2.4. Statistical analysis

In the primary analysis, Wald estimates for each SNP were calculated
by dividing the estimate for the SNP on the outcome by the estimate for
the SNP on the exposure.*® Standard errors were obtained using the Delta
method.*” Subsequently, an inverse-variance weighted (IVW)
meta-analysis for all instrument SNPs was performed to obtain the
overall MR estimate.*!

Sensitivity analyses were performed by omitting SNPs associated with
metabolic factors and calculating a pooled estimate for the remaining
SNPs to evaluate whether the results were affected markedly. We also
utilized the weighted median and MR-Egger methods to further assess
and account for potential bias due to possible pleiotropy.*®*° The
weighted median method is robust for handling invalid instruments and
can provide accurate estimates as long as SNPs accounting for at least
50% of the weight are valid instruments.*® The MR-Egger method is
based on the assumption that pleiotropic associations are independent of
genetic associations with the exposure. A non-null MR-Egger intercept
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Table 1
Summary of data sets used in the study.
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Traits Data set Sample Case/control (% Females Mean (SD) age
of cases) (%) (years)
Glaucoma GERA&UKBB 214102 European, 5189 Hispanic or Latin American, 6950 12315/227987 55.6% 61.4 (11.1)
African, 10490 Asian, 3571 other mixed ancestry (5.1%)
POAG GERA 51901 European, 5189 Hispanic or Latin American, 1847 African, 4986/58426 59.7% 70.5 (13.0)
4475 Asian (7.9%)
PACG PACG case-control collections enrolled 5516 European, 20938 Asian 6525/19929 NA NA
from 15 countries (24.7%)
HTG NEIGHBORHOOD 33365 European 1868/31497 89.4% 56.3 (9.4)
(5.6%)
NTG NEIGHBORHOOD 9275 European 725/8550 (7.8%) 75.0% 59.3 (12.1)
POAG BBJ&J-MICC&JPHC 22795 Asian 3980/18815 57.0% 56.6 (10.7)
(17.5%)
0P UKBB&IGGC&EPIC-Norfolk 139555 European - NA NA
AS MEGASTROKE 446696 European, 1557 Hispanic or Latin American, 17953 67162/454450 NA NA
African, 55406 Asian (12.9%)
AIS MEGASTROKE 440328 European, 1247 Hispanic or Latin American, 17953 60341/454450 NA NA
African, 55263 Asian (11.7%)
LAS MEGASTROKE 301663 European, 733 Hispanic or Latin American, 12671 6688/345629 NA NA
African, 37250 Asian (1.9%)
SVs MEGASTROKE 348946 European, 778 Hispanic or Latin American, 13106 11710/391899 NA NA
African, 40779 Asian (2.9%)
CES MEGASTROKE 362661 European, 791 Hispanic or Latin American, 12826 9006/403807 NA NA
African, 36535 Asian (2.2%)
IS BBJ 210054 Asian 17671/192383 48.3% 62.0 (13.8)
(8.4%)

Note: AS, any stroke; AIS, any ischemic stroke; BBJ, Biobank Japan; CES, cardioembolic stroke; EPIC-Norfolk, The European Prospective Investigation into Cancer-
Norfolk; GERA, the Genetic Epidemiology Research in Adult Health and Aging; HTG, high-tension glaucoma; IGGC, the International Glaucoma Genetics Consortium;
IOP, intraocular pressure; IS, ischemic stroke; J-MICC, the Japan Multi-Institutional Collaborative Cohort Study; JPHC, the Japan Public Health Center-based Pro-
spective Study; LAS, large-artery atherosclerotic stroke; NA, not available; NEIGHBORHOOD, the National Eye Institute Glaucoma Human Genetics Collaboration
Heritable Overall Operational Database; NTG, normal-tension glaucoma; PACG, primary angle-closure glaucoma; POAG, primary open-angle glaucoma; SD, standard

deviation; SVS, small-vessel stroke; UKBB, UK Biobank.

indicates the directional pleiotropy of instruments.*’ Cochrane's Q value
was estimated to assess the heterogeneity among different genetic in-
struments. For the primary bidirectional MR findings, we also conducted
supplementary sensitivity analyses, including leave-one-out analyses and
single SNP analyses. Moreover, in instances where heterogeneity of ge-
netic instruments or directional pleiotropy was identified, we employed
the MR Pleiotropy Residual Sum and Outlier (MR-PRESSO) method to
address pleiotropy by removing outliers.

All statistical analyses were conducted using the "Mendelian
Randomization", "TwoSampleMR", and "MR-PRESSO" packages in the
statistical program R (version 3.6.1, R Foundation for Statistical
Computing, Vienna, Austria). The threshold of P < 0.05 was used to
determine statistical significance throughout our study.

3. Results
3.1. Effect of glaucoma on stroke

The relationship between glaucoma and the risk of each stroke sub-
type is depicted graphically in Fig. 1. Our MR analyses, reported as the
odds ratio (OR) of stroke per unit increase in log odds of glaucoma, did
not identify any significant association of glaucoma with AS (OR = 1.00,
95% confidence interval [CI]: 0.97-1.03, P = 0.96), AIS (OR = 1.00, 95%
CI: 0.97-1.03, P = 0.97), LAS (OR = 1.02, 95% CI: 0.95-1.10, P = 0.54),
SVS (OR = 0.97, 95% CI: 0.92-1.03, P = 0.34), or CES (OR = 0.94, 95%
CI: 0.88-1.00, P = 0.06) using the IVW method (Fig. 1A). Subsequent
single SNP analyses and leave-one-out analyses revealed that no single
SNP drove these results, with the exception of the association between
glaucoma and CES (Supplemental Fig. S1). Notably, the further MR-
PRESSO analysis identified no outlier for that association.

We conducted further sensitivity analyses by omitting SNPs associ-
ated with metabolic factors to mitigate potential pleiotropic effects. The
removal of these instrumental variables did not lead to a substantial
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change in the non-significant causal effect (Fig. 1B). In addition, the es-
timates from the weighted median and MR-Egger method yielded similar
results to the IVW estimates, albeit with wider Cls (Fig. 1). Glaucoma was
associated with higher risk of LAS in an analysis using the MR-Egger
method. However, the corresponding MR-Egger intercept indicated
directional pleiotropy (Intercept P = 0.04). Following removal of the
outlier, association pattern between glaucoma and LAS remained stable
(OR = 0.99, 95% CI: 0.92-1.05, P = 0.67, P for MR-PRESSO distortion
test = 0.19).

3.2. Effect of glaucoma subtypes on stroke

Since the etiologies and mechanisms for glaucoma subtypes are
different, we conducted extensive sensitivity analyses by stratifying
glaucoma subtypes to validate our findings. Consistent with our main
results, both POAG and PACG were not associated with stroke (Fig. 2A
and B). Adjustment for metabolic-related traits (Fig. 2C and D) and
complementary sensitivity analyses, conducted the weighted median and
MR-Egger methods, did not substantially change the estimates, sup-
porting the robustness of our results. The results of the MR-Egger inter-
cept also ruled out the possible influence of directional pleiotropy
(Fig. 2).

3.3. Ethnicity stratified analyses in Asian population

Given that most of the previously reported glaucoma-stroke associa-
tions were observed in Asians, we also conducted two-sample MR ana-
lyses using POAG as the exposure and ischemic stroke as the outcome in
the Asian population. Our results did not support a causal effect of POAG
on ischemic stroke risk, with or without adjustment for metabolic-related
traits (Fig. 3). The MR-Egger intercepts did not differ from the null,
indicating no apparent directional pleiotropy.
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Glaucoma-stroke association
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Fig. 1. MR analysis of the effect of glaucoma on
stroke without (A) and with (B) adjustment for

Outcome #SNPs Method OR (95% Cl) P metabolic-related traits. Effects are shown as OR of
AS 46 W 4 1,00 (0.97, 1.03)  0.96 stroke per unit increase in the log odds of glaucoma.
Weighted median o 0.98 (0.95’ 1.02) 041 Metabolic-related traits include glucolipid meta-
MR-Egger (Intercept P = 0.44) —— 1.03 (0.95,1.13) 0.45 bolism, blood pressure, and body mass index. AS, any
stroke; AIS, any ischemic stroke; CES, cardioembolic
AIS 46 vw - 1.00 (0.97, 1.03) 0.97 . . . .
) , stroke; CI, confidence interval; IVW, inverse-variance
Weighted median —— 0.99 (0.95,1.03) 0.65 iochted: LAS. 1 t th leroti troke:
MR-Egger (Intercept P = 0.40) —— 1.04 (0.94,1.15) 0.43 welghted; LAS, large-artery atheroscierotic Swoke;
MR, mendelian randomization; OR, odds ratio; SNP,
LAS 46 vw 1T 1.02(0.95,1.10)  0.54 single-nucleotide polymorphism; SVS, small-vessel
Weighted median —T— 1.03 (0.93,1.13) 0.56 stroke.
MR-Egger (Intercept P = 0.04) —e—— 1.26(1.02, 1.56) 0.03
SVs 42 VW — 0.97 (0.92,1.03) 0.34
Weighted median — 0.96 (0.89, 1.04) 0.30
MR-Egger (Intercept P = 0.92) —_— 0.98 (0.84, 1.15) 0.82
CES 46 vw —— 0.94 (0.88, 1.00) 0.06
Weighted median —_— 0.95 (0.88,1.03) 0.24
MR-Egger (Intercept P = 0.73) ——————+—1—— 0.91(0.75,1.10) 0.34
T T
0.64 1.00 1.56
OR (95% ClI) of stroke per one unit increase in log odds of glaucoma
B Glaucoma-stroke association after excluding metabolic-related SNPs
Outcome #SNPs Method OR (95% CI) P
AS 38 VW —r 0.99 (0.96, 1.02) 0.35
Weighted median — 0.98 (0.94,1.02) 0.24
MR-Egger (Intercept P = 0.56) —_— 0.96 (0.88, 1.05) 0.39
AlS 38 VW — 0.99 (0.96,1.02) 0.45
Weighted median —_— 0.98 (0.94,1.02) 0.38
MR-Egger (Intercept P = 0.54) —_— 0.96 (0.87,1.06) 0.41
LAS 38 IVW —— 0.98 (0.91,1.06) 0.61
Weighted median —— 1.02 (0.92, 1.13) 0.67
MR-Egger (Intercept P = 0.48) 1.06 (0.85,1.32) 0.62
SVs 34 VW 0.96 (0.91,1.02) 0.21
Weighted median —_— 0.92 (0.85,1.01) 0.07
MR-Egger (Intercept P = 0.36) 0.89 (0.74,1.07) 0.21
CES 38 VW —_— 0.94 (0.88,1.01) 0.08
Weighted median —_— 0.97 (0.89, 1.05) 0.44
MR-Egger (Intercept P = 0.92) 0.93 (0.75,1.15)  0.50
T T
0.74 1.00 1.36

OR (95% ClI) of stroke per one unit increase in log odds of glaucoma

3.4. Effect of IOP on stroke

Elevated IOP stands as a significant risk factor for glaucoma. In light
of this, we conducted meticulous MR analyses to investigate the potential
causal link between IOP and the risk of strokes. Our findings failed to
substantiate a causal effect of IOP on the risk of stroke and its various
subtypes, irrespective of whether adjustments were made for metabolic-
related traits (Supplemental Fig. S2). These outcomes found support in
both the weighted median model and the MR-Egger model, reinforcing
the robustness of our results.

3.5. Reverse MR analysis: effect of stroke on glaucoma

Since only one SNP associated with SVS was available, the association
of SVS with glaucoma was not investigated in the reverse MR analysis. In
the main analysis, there was no evidence for a causal effect of the genetic
risk of AS (OR = 0.95, 95% CI: 0.79-1.13, P = 0.55), AIS (OR = 0.97,
95% CIL: 0.84-1.12, P = 0.64), LAS (OR = 1.00, 95% CI: 0.92-1.09, P =
0.96), or CES (OR = 0.96, 95% CI: 0.88-1.04, P = 0.31) on glaucoma
using the IVW method (Fig. 4A). Additionally, single SNP analyses and
leave-one-out analyses suggested that the estimated association is not
substantially affected by any single SNP (Supplemental Fig. S3).

In the sensitivity analyses, we did not perform MR analysis on the
association of CES with glaucoma since only two SNPs remained avail-
able after we excluded rs12932445, which was related to body mass
index. Similarly, no evidence of any significant causal effect was found
(Fig. 4B). The weighted median and MR-Egger methods produced similar
effect estimates (Fig. 4). There was no indication of directional pleiotropy
except in the association of AIS with glaucoma (MR-Egger Intercept P =
0.04). Furthermore, MR-PRESSO analysis did not identify any outlier
SNP.

4. Discussion

In this study, we investigated a potential causal relationship between
glaucoma and stroke risk using a series of complementary MR analyses.
To minimize the likelihood of confounding bias due to a common data
structure, we utilized two different samples for exposure and outcome.
Our study encompassed multi-ethnic large-scale genome-wide associa-
tion studies, including up to 67162 stroke cases and 454450 controls
from the MEGASTROKE consortium; 17671 Asian ischemic stroke cases
and 182383 Asian controls from the BBJ; as well as 12315 glaucoma
cases and 227987 controls from the GERA cohort and the UKBB, of which
4986 POAG cases and 58426 controls were from the GERA cohort; 6525
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POAG-stroke association
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PACG-stroke association

OR (95% ClI) of stroke per one unit increase in log odds of POAG

C

POAG-stroke association

after excluding metabolic-related SNP

D

OR (95% Cl) of stroke per one unit increase in log odds of PACG

PACG-stroke association

after excluding metabolic-related SNP

Fig. 2. MR analysis of the effect of POAG
and PACG on stroke without (A, B) and with
(C, D) adjustment for metabolic-related
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Intercept P = 0.91
( p! ) LAS 7 VW 4 1.03(0.89,1.19) 0.68
sVs 10 VW - 0.95(0.88,1.02) 0.17 Weighted median L 1.11(0.95,1.29) 0.20
Weighted median — 0.94 (0.86,1.04) 0.23 MR-Egger 0.71(0.41,1.22) 0.21
(Intercept P = 0.16)
MR-Egger _ 0.80(0.55, 1.17) 0.26
(Intercept P = 0.38) sVs 7 IVW + 1.03 (0.94, 1.13) 0.53
CES 10 VW o 0.95(0.88,1.02) 0.12 Weighted median t— 1.09 (0.98,1.22) 0.11
. " MR-Egger —te—— 1.10(0.74, 1.668) 0.63
Weighted median - 0.99(0.90, 1.08) 0.75 (Intercept P = 0.73)
MR-Egger —_— 0.94 (0.67,1.31) 0.70
(Intercept P = 0.96) CES 6 vw fo- 1.04 (0.95,1.14) 0.38
Weighted median - 1.02 (0.91, 1.13) 0.75
' ! MR-Egger —_— 0.94 (0.67,1.32) 0.73
. b (Intercept P = 0.55)
OR (95% CI) of stroke per one unit increase in log odds of POAG
T T
0.412 1 242

OR (95% ClI) of stroke per one unit increase in log odds of PACG

PACG cases and 19929 controls from the PACG case-control collections;
3980 Asian POAG cases and 18815 Asian controls from the BBJ, the J-
MICC study and the JPHC study. Although previous observational studies
have reported a significant association between glaucoma and the inci-
dence of stroke,'>'° our MR analyses found no evidence for a causal role
of glaucoma and its subtypes in the risk of AS, AIS, LAS, SVS, or CES.
These findings remained robust after adjusting for metabolic-related
traits and were consistent in both the European and Asian populations.
Furthermore, reverse MR analyses did not identify any significant effect
of any stroke subtype (AS, AIS, LAS, or CES) on glaucoma development.

The association between glaucoma and stroke has been debated over
recent decades. A prospective cohort study by Ho et al. found that pa-
tients with OAG had significantly more strokes over a period of five years,
independent of other major risk factors for stroke.'® Similar results were
reported soon after in a different population by Dustin and Curtis.
However, they questioned the reasonableness of the suspected associa-
tion of OAG with stroke and suggested that the relationship deserves
further scrutiny, especially in populations of various races.'® Although
some population-based, longitudinal observational studies have reported
an increase stroke risk in patients with glaucoma,'®!>!¢ conflicting
findings have been presented from time to time. An observational
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cross-sectional study of 50 patients with POAG reported that POAG was
associated with stroke and blood pressure; however, these associations
did not reach statistical significance.’® In a population-based cohort
study on patients with diabetes, it was found that neither glaucoma nor
OAG at baseline was associated with an increased risk of stroke mortality
during the 16-year follow-up period, after controlling for other con-
founding factors.?” Similarly, another study found no overall statistically
significant relationship between OAG and stroke risk after adjusting for
selected risk factors.?° On the other hand, ischemic changes observed via
brain magnetic resonance imaging are more common in patients with
glaucoma, suggesting a potential relationship between vascular insuffi-
ciency in the central nervous system and the pathogenesis of glau-
coma.?*?>°! Atherosclerotic cerebrovascular disease is further reported
as a risk factor for a glaucomatous appearance in the optic disc. Symp-
tomatic atherosclerosis involving the brain vasculature may also affect
the eye and lead to glaucoma, proposing a reverse causal effect of cere-
brovascular disease on the incidence of glaucoma.?® Epidemiological
studies often suffer from confounding bias and reverse causation due to
their observational nature; this may partially explain these contradictory
findings. Since the genetic variants represented differences that generally
persist throughout adult life, an MR study was developed as a natural
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POAG-Ischemic Stroke association in the Asian population

#SNPs Method

OR (95% Cl) P

Before metabolic-related traits adjustment

11 VW —_—t— 1.01 (0.95,1.08) 0.72
Weighted median —— 1.03 (0.97, 1.10) 0.30
MR-Egger 1.07 (0.92,1.25) 0.37
(Intercept P = 0.41)

After metabolic-related traits adjustment

9 VW —_— 1.00 (0.92, 1.10) 0.93
Weighted median —_— 0.99 (0.90, 1.08) 0.79
MR-Egger 1.03 (0.75, 1.42) 0.86
(Intercept P = 0.87)

I 1
0.707 1 1.42

Fig. 3. MR analysis of the effect of POAG on ischemic stroke in the Asian population. Effects are shown as OR of ischemic stroke per unit increase in the log odds of
POAG. Metabolic-related traits include glucolipid metabolism, blood pressure, and body mass index. CI, confidence interval; IVW, inverse-variance weighted; MR,
mendelian randomization; OR, odds ratio; POAG, primary open-angle glaucoma; SNP, single-nucleotide polymorphism.

A Stroke-glaucoma association
Exposure #SNPs Method OR (95% Cl) P
AS 16 vw — 0.95(0.79, 1.13) 0.55
Weighted median e b 1.06 (0.88, 1.29) 0.53
MR-Egger (Intercept P = 0.68) 0.74 (0.22, 2.50) 0.62
AlIS 17 VW — 0.97 (0.84,1.12) 0.64
Weighted median —1— 1.06 (0.89, 1.26) 0.53
MR-Egger (Intercept P = 0.04) —————+—— 0.46 (0.22,0.94) 0.03
LAS 6 VW -+ 1.00 (0.92, 1.09) 0.96
Weighted median - 1.03 (0.93, 1.14) 0.60
MR-Egger (Intercept P = 0.82) —— 1.03 (0.79, 1.33) 0.84
CES 3 VW -t 0.96 (0.88, 1.04) 0.31
Weighted median -+ 1.00 (0.91, 1.10) 0.98
MR-Egger (Intercept P = 0.10) —_— 1.31(0.88, 1.96) 0.19
T T
0.22 1.00 4.62
OR (95% ClI) of glaucoma per one unit increase in log odds of stroke
B Stroke-glaucoma association after excluding metabolic-related SNPs
Exposure #SNPs Method OR (95% CI) P
AS 8 VW — 0.89 (0.70, 1.13) 0.35
Weighted median — 0.97 (0.75,1.25) 0.83
MR-Egger (Intercept P = 0.62) 1.46 (0.21, 10.24) 0.70
AIS 12 VW —e}- 0.92(0.76,1.10) 0.34
Weighted median — 0.97 (0.79,1.19) 0.75
MR-Egger (Intercept P = 0.10) ——————7 0.42 (0.16, 1.07) 0.07
LAS 5 VW -« 0.97 (0.89, 1.06) 0.50
Weighted median -+ 1.00 (0.89, 1.12) 0.95
MR-Egger (Intercept P = 0.59) —— 1.03 (0.82,1.29) 0.82
T T
0.10 1.00 10.2

randomized controlled trial, and its estimates reflect the lifelong effect of
glaucoma or stroke. Compared to traditional randomized trials, MR is a
cost-effective way to obtain unbiased causal effect estimates without any

OR (95% Cl) of glaucoma per one unit increase in log odds of stroke
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Fig. 4. MR analysis of the effect of stroke on glau-
coma without (A) and with (B) adjustment for
metabolic-related traits. Effects are shown as OR of
glaucoma per unit increase in the log odds of stroke.
Metabolic-related traits include glucolipid meta-
bolism, blood pressure, and body mass index. AS, any
stroke; AIS, any ischemic stroke; CES, cardioembolic
stroke; CI, confidence interval; IVW, inverse-variance
weighted; LAS, large-artery atherosclerotic stroke;
MR, mendelian randomization; OR, odds ratio; SNP,
single-nucleotide polymorphism.

exposures for humans or animals; it also does not require long follow-up
durations. In our results, bidirectional MR estimates showed no causal
relationship between glaucoma and stroke.
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According to the vascular theory, blood vessel disease leads to
vascular dysregulation and defective autoregulation of ocular blood flow.
These, in turn, lead to unstable oxygen supply and oxidative stress,
further resulting in ischemic optic nerve damage and glaucomatous optic
neuropathy.'>2 On the other hand, because blood vessels in the optic
nerve and retina share a common embryonic origin, along with similar
anatomy, vasculature, blood barrier, and physiological characteristics as
cerebral vessels, pathological changes in the vessels of the optic nerve
may reflect similar changes in cerebral vessels.”>>* Both of these factors
may result in clinical and biological relevance between the development
of glaucoma, especially for OAG, which is associated with abnormal
ocular blood flow parameters, and stroke, a representative vascular dis-
ease associated with abnormal cerebral vasculature. Previously observed
associations between glaucoma and stroke were more common observed
for POAG subtypes and among the Asian population. However, our
further stratified results did not support a causal effect after stratification
of POAG on stroke incidence, with or without adjustment for
metabolic-related traits, especially on the risk of ischemic stroke in the
Asian population. This warrants further clarification in other ethnicities.

Biologically, the association between glaucoma and the broad spec-
trum of stroke diagnoses warrants further consideration. Hypertension
and diabetes are well-known risk factors for stroke.’®> Meanwhile,
observational studies have suggested that hypertension and diabetes may
increase the risk of glaucoma.®®>” Chronic kidney disease, atrial fibril-
lation, and many other common risk factors for both of these two diseases
have been recognized in previous studies,”®°! indicating interaction and
interference among these comorbid conditions. In addition, although
glaucoma and stroke share common pathophysiological mechanisms,
especially regarding vascular abnormalities,%> %% the hypothesis that
vascular diseases arising in other organs may contribute to the patho-
genesis of glaucoma is controversial.®® Lastly, stroke conditions encom-
pass a variety of different neurovascular disorders, from transient
ischemic attack to subarachnoid hemorrhage. These disorders usually
involve different disease pathways,'® suggesting that reaching a
conclusion about the predictive power of glaucoma on stroke incidence is
challenging.

The present study has several potential limitations that deserve
comment. First, the validity of MR findings depends on the crucial as-
sumptions that the genetic predictors are strongly associated with the
exposure and affect the outcome only through intermediate phenotypes
of interest and not through others pathways (i.e., that no pleiotropy ex-
ists). To satisfy these assumptions, we selected multiple independent
SNPs that are significantly associated with glaucoma or stroke according
to previously published genome-wide association studies. Moreover,
since metabolic-related traits, including diabetes, hypertension, and
dyslipidemia, are common risk factors for metabolic syndrome and have
been suggested as potential confounders in the glaucoma-stroke
relationship,>1826:556667 we also used different MR approaches and
adjusted our findings for metabolic-related traits with these relevant
markers. Although the MR-Egger intercepts in the glaucoma-LAS and
AlS-glaucoma associations suggested possible directional pleiotropy,
they were no longer significant after adjustment for metabolic-related
traits. The consistency of our findings indicates that unknown pleiot-
ropy is less likely. Second, the data on glaucoma in the UKBB relied on
patient reports or recall. Thus, possible misdiagnosis and conditions such
as mild sufferers remaining undiagnosed should be considered when
interpreting the results. Third, the wuse of publicly available
summary-level data hinders subgroup analyses by sex, age, and other
demographic information. Therefore, further MR studies with
individual-level data are warranted. Fourth, Sample overlap existed
because both Asian datasets included BBJ.

5. Conclusions

In conclusion, our large population-based MR study did not support a
causal effect of glaucoma or its subtypes on stroke risk. Additional
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reverse MR analyses also showed no evidence for an association of
diverse stroke with glaucoma. Our results suggested that the correlation
between glaucoma management and stroke risk prevention should be
carefully evaluated in future studies. In turn, stroke diagnosis should not
be simply applied to glaucoma risk prediction.
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