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ABSTRACT
Background  The association of central corneal 
thickness (CCT) with primary open-angle glaucoma 
(POAG) remains uncertain. Although several 
observational studies assessing this relationship have 
reported an inverse association between CCT and POAG, 
this could be the result of collider bias. In this study, 
we leveraged human genetic data to assess through 
Mendelian randomisation (MR) the effect of CCT on 
POAG risk and whether this effect is mediated by 
intraocular pressure (IOP) changes.
Methods  We used 24 single-nucleotide polymorphisms 
(SNPs) associated with CCT (p value<5×10−8) from a 
genome-wide association study (GWAS) (N=17 803) 
provided by the International Glaucoma Genetics 
Consortium and 53 SNPs associated with IOP (p 
value<5×10−8) from a GWAS of the UK Biobank (UKBB) 
(N=97 653). We related these instruments to POAG 
using a GWAS meta-analysis of 8283 POAG cases and 
753 827 controls from UKBB and FinnGen.
Results  MR analysis suggested a positive association 
between CCT and POAG (OR of POAG per 50 µm 
increase in CCT: 1.38; 95% CI: 1.18 to 1.61; p 
value<0.01). MR mediation analysis showed that 
28.4% of the total effect of CCT on POAG risk was 
mediated through changes in IOP. The primary results 
were consistent with estimates of pleiotropy-robust MR 
methods.
Conclusion  Contrary to most observational studies, our 
results showed that a higher CCT is associated with an 
increased risk of POAG.

INTRODUCTION
Primary open-angle glaucoma (POAG) ranks as 
the primary cause of irreversible blindness world-
wide, with projections indicating a significant and 
growing impact in the future.1 Identification of 
recognised risk factors for POAG, such as elevated 
intraocular pressure (IOP), family history of POAG 
and non-white ethnicity in individuals, can lead to 
early detection of POAG through screening initia-
tives and mitigate vision impairment.2

The role of central corneal thickness (CCT) as 
a potential risk factor for POAG remains uncer-
tain, with ongoing debate regarding its clinical 
significance in the diagnosis and management of 
the condition.3 Lower CCT has been postulated 
to be spuriously associated with a higher risk of 

POAG since CCT can artificially influence IOP 
measurements.4 Moreover, the inverse association 
between CCT and POAG has been reported mainly 
by observational studies, which either adjusted for 
IOP in their analyses, thereby treating IOP like a 
confounder,5 6 or selected their participants based 
on measured IOP.7 This can result in a spurious 
inverse association of CCT with POAG, as a result 
of collider bias.8 Collider bias in a study can occur 
after controlling for a variable that is a common 
effect of the exposure and the outcome. The vari-
able that is caused by both the exposure and the 
outcome is termed a ‘collider’, and controlling for 
this variable either by study design or by statistical 
analysis can create spurious associations between 
the exposure and the outcome of interest. In studies 
assessing the association between CCT and POAG, 
collider bias can occur when measured IOP is 
controlled, either in study design or in statistical 
analysis, since measured IOP is causally affected by 
both true IOP and CCT (figure 1).

One method to assess the existence of a causal 
relationship between CCT and POAG is Mendelian 
randomisation (MR), a type of instrumental variable 
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analysis, where genetic variants from genome-wide association 
studies (GWAS) are used as instruments.9 It is noteworthy that 
a recent MR study found a marginally non-significant positive 
association between CCT and POAG.10 This suggests that the 
causal relationship between CCT and POAG may follow an 
opposite direction compared with what has been observed in 
most observational studies. Considering that the lack of statis-
tical significance of the association estimate from the recent MR 
study may have been due to the relatively small sample size of 
the GWAS used, we employed MR in our current study, using 
larger GWAS datasets of POAG to assess the existence of a causal 
association between CCT and POAG. Moreover, we conducted 
a two-step MR for mediation analysis11 to further investigate the 
proportion of the effect of CCT on POAG mediated through 
IOP changes.

MATERIALS AND METHODS
Study design
MR employs genetic variants, typically single-nucleotide 
polymorphisms (SNPs), as instrumental variables to assess 
the effect of modifiable risk factors on disease risk.9 These 
genetic variants are randomly allocated at conception, akin to 
a natural randomised controlled trial, reducing susceptibility 
to confounding and reverse causation biases.11 In our study, 
we conducted a two-sample MR using summary statistics from 
GWAS for CCT12 and POAG13 14 in order to assess the effect 
of CCT on POAG risk. Additionally, we performed mediation 
analysis with two-step MR11 to further explore the proportion 
of the effect of CCT on POAG mediated through IOP changes. 
We followed the STROBE-MR guidelines15 and ‘Guidelines for 
performing Mendelian randomization investigations’16 and we 
have not pre-registered the study protocol.

Data sources
We retrieved summary data from the largest GWAS to date for 
CCT10 comprising 17 803 individuals of European descent, 
from the International Glaucoma Genetics Consortium IGGC 

(online supplemental table 1). CCT in individual cohorts was 
assessed with ultrasound pachymetry or corneal topography and 
measured in micrometre. Genotyping and imputation methods 
of the GWAS have been described elsewhere.10 Summary statis-
tics for POAG were retrieved from two GWAS: (1) the FinnGen 
consortium database (R8 release), which included 6,785 POAG 
cases and 349 292 controls,13 (2) the UK Biobank (UKBB) cohort, 
which included 1498 POAG cases and 404 535 controls.14 Both 
GWAS participants were of European descent, and POAG cases 
met the criteria for a diagnosis of POAG based on the Inter-
national Classification of Diseases, Ninth Revision (ICD-9) or 
International Statistical Classification of Diseases, Tenth Revi-
sion (ICD-10) code. Summary statistics for corneal-compensated 
IOP (IOPcc) were also retrieved from the UKBB cohort.14 More 
specifically, a sub-sample of 97 653 participants from the UKBB 
underwent ophthalmic assessment including IOPcc assessment 
in millimetres of mercury (mm Hg) using an Ocular Response 
Analyzer non-contact tonometer. Our chosen IOP phenotype 
was IOPcc since it was designed to account for corneal biome-
chanical properties and has also been used in prior GWAS for 
IOP.17 Genotyping, quality control and imputation methods of 
the GWAS have been described elsewhere.13 18

Selection of genetic variants as instrumental variables
We chose SNPs from the CCT GWAS that reached genome-
wide significance (p value<5×10−8) after clumping for linkage 
disequilibrium at r2<0.001 over a 10 mb window. Using the 
MR-Steiger directionality test, we determined the causality direc-
tion between CCT and POAG.19 SNPs more strongly correlated 
with the outcome than the exposure were excluded, along with 
those showing significant influence in the funnel plots and scatter 
plots. Ultimately, 24 SNPs associated with CCT were selected as 
instrumental variables. Moreover, by summing the coefficients 
of determination (R2) obtained from the associations between 
the selected SNPs and CCT, we calculated the percentage of vari-
ability in CCT that can be accounted for by the selected 24 SNPs. 

Figure 1  Directed acyclic graph showing the existence of collider bias when assessing the association of central corneal thickness (CCT) with 
primary open-angle glaucoma (POAG). Measured IOP is a collider since both CCT and true IOP are causally associated with it (black arrows). In cases 
of adjustment for measured IOP in the analysis or stratification of the analysis based on measured IOP or selection of the study participants based on 
measured IOP, a spurious relationship (dashed red line) will occur between CCT and POAG via true IOP, even if no true causal association between 
CCT and POAG exists (there is no arrow connecting CCT with POAG).
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In a similar way, we selected 53 genetic variants from the IOP 
GWAS for our MR mediation analysis.

Statistical analysis
The SNP-POAG association estimates of the selected SNPs 
were extracted from a meta-analysis of the FinnGen and UKBB 
GWAS that we performed using the inverse-variance weighted 
(IVW) fixed effect approach. Following data harmonisation, 
which involved filtering SNPs based on HapMap3,20 excluding 
strand-ambiguous ones and aligning effect sizes, we computed 
Wald ratios. These ratios were obtained by dividing the per-allele 
logarithm of odds ratio (logOR) for each SNP from the meta-
analysed POAG GWAS by its corresponding logOR from the 
GWAS for CCT. The cumulative effect of CCT on POAG risk 
was then estimated through a multiplicative random effects IVW 
meta-analysis of the Wald ratios.21

We conducted a univariable two-sample MR using summary-
level statistics from GWAS available for CCT and POAG. The 
two-sample MR approach relies on three fundamental assump-
tions: (1) the genetic instruments should be reliably associated 
with the risk factor under investigation (‘relevance’ assump-
tion), (2) the genetic instruments should not be associated 
with factors that might confound the association between the 
exposure and outcome (‘exchangeability’ assumption) and (3) 
the genetic instruments are not associated with the outcome 
other than via the risk factor of interest (‘exclusion restric-
tion’ assumption).22 23 To fulfil the ‘relevance’ assumption, we 
ensured that the selected SNPs as instrumental variables reached 
genome-wide significance (p value<5×10−8). Additionally, we 
assessed instrument strength by calculating the F-statistic of 
the selected genetic instruments as well as the proportion of 
exposure variance they explain.24 While the ‘exchangeability’ 
and ‘exclusion restriction’ assumptions cannot be definitively 
proven, we conducted sensitivity analyses to detect potential 
violation of the assumptions underlying MR. Possible violations 
may arise from horizontal pleiotropy, where genetic variants 
impact outcomes through pathways unrelated to the investi-
gated exposure. Thus, we employed PhenoScanner25 to assess 
associations between our selected genetic instruments and traits 
that could potentially confound our analysis. If pleiotropic 
pathways were detected, we used multivariable MR to account 
for these effects.26 Furthermore, we examined each selected 
SNP and its proxies for associations with known POAG risk 
factors, assessed heterogeneity among the chosen genetic vari-
ants through the Cochran Q heterogeneity test and IGX

223 to 

detect pleiotropy- and conducted MR Egger regression23 and 
pleiotropy-robust methods27 (penalised weighted median, IVW 
radial regression and MR-Pleiotropy Residual Sum and Outlier 
(MR-PRESSO)) to assess directional pleiotropy. To determine if 
the IVW estimate was influenced by a single SNP, we conducted 
a leave-one-out analysis.

For assessing the effect of CCT on POAG that is mediated 
through IOP (indirect effect), we conducted a two-step MR for 
mediation analysis.11 In this method, two MR estimates are calcu-
lated: (1) the causal effect of CCT on the IOP using a univariable 
MR model and (2) the causal effect of the IOP on POAG using a 
multivariable MR model adjusted for CCT. These two estimates 
are then multiplied together to estimate the indirect effect of 
CCT on POAG that is mediated through IOP. The total effect of 
CCT on POAG was also calculated, and in all these mediation 
MR analyses, we used only the POAG GWAS from the FinnGen 
cohort, in order to avoid overlap with the UKBB GWAS for IOP. 
Additionally, we calculated the proportion of the total effect of 
CCT on POAG explained by the mediator (IOP), by dividing the 
indirect effect of CCT on POAG by the total effect. The delta 
method was used to estimate 95% CIs for the indirect effect and 
the proportion mediated.28 MR for mediation requires SNPs that 
have been selected as instruments for the exposure and mediator 
to be independent,11 so we ensured our selected SNPs from the 
CCT and IOP GWAS to be non-overlapping.

All MR estimates for the associations of CCT with IOP and 
POAG were multiplied by 50, representing the change in log 
odds of POAG or units of IOP per 50 µm increase in CCT. All 
analyses were performed with R V.4.2.129 using the Mende-
lianRandomization, TwoSampleMR, MVMR and MR-PRESSO 
packages.

RESULTS
Effect of CCT on POAG
The selected 24 SNPs from the CCT GWAS (online supple-
mental figure 1) explained 7.55% of the variance in CCT, and 
the F-statistics for all SNPs were ≥30.87 (online supplemental 
table S2). We found a positive effect of the genetically predicted 
CCT on POAG risk using the IVW method (OR: 1.38 per 50 µm 
increase in CCT; 95% CI: 1.18 to 1.61; p value<0.01) (figure 2 
and online supplemental figure 2). The estimates from the 
pleiotropy-robust methods were consistent with the estimates 
from the IVW analysis (figure 2). None of our instrumental SNPs 
were associated with POAG risk factors (online supplemental 

Figure 2  Mendelian randomisation estimates for the effect of central corneal thickness on primary open-angle glaucoma. Estimates are reported as 
changes in odds of primary open-angle glaucoma per 50 µm increase in central corneal thickness. MR-PRESSO, Mendelian randomisation pleiotropy 
residual sum and outlier; SNP, single-nucleotide polymorphism.
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table S3), and thus, we did not perform multivariable MR to 
adjust for correlated horizontal pleiotropy.

We found evidence of heterogeneity among Wald ratios 
for CCT with POAG (online supplemental table S4), with a 
Cochran’s Q heterogeneity test value of 40.62 (p value=0.013). 
However, the intercepts from the MR-Egger analyses did not 
deviate from zero; thus, no directional pleiotropy was present 
(online supplemental table S4). The leave-one-SNP-out analyses 
identified no SNPs with high influence on the IVW estimates for 
our exposures (online supplemental table S5).

Mediation analysis
An illustration of the MR mediation analysis can be seen in 
figure  3. Because here we used only one GWAS for POAG, 
the estimate of the total effect of CCT on POAG was slightly 
different (OR: 1.50 per 50 µm increase in CCT; 95% CI: 1.27 to 
1.77; p value<0.01, figure  2B and online supplemental table 
S6). 28.4% (95% CI: 0 to 60%) of the total effect of CCT on 
POAG was mediated through changes in IOP.

DISCUSSION
In this two-sample MR, we used genetic data to assess the asso-
ciation between CCT and the risk of POAG. Moreover, we 
conducted MR mediation analysis to assess the proportion of 
the CCT effect on POAG that is mediated through IOP changes. 

Contrary to most of the observational studies in the literature, 
we found evidence of a positive causal association between CCT 
and POAG.

The first landmark glaucoma study to suggest that thinner 
corneas are associated with the development of POAG was the 
Ocular Hypertension Treatment Study7 (OHTS). In this prospec-
tive study, they found an unadjusted and adjusted HR for POAG 
of 1.88 (95% CI: 1.55 to 2.29) and 1.71 (95% CI: 1.40 to 2.09), 
respectively, per 40 µm decrease in CCT. However, all the OHTS 
study participants were individuals with ocular hypertension 
(IOP>21 mm Hg), and since higher CCT can result in higher 
IOP measurement readings,30 this led to the selection of a cohort 
with high CCT values (93% of the total participants had CCT 
higher than 526 mm). As a result, individuals in the OHTS with 
high CCT might actually have a lower true IOP, which may have 
caused this false inverse association between CCT and POAG 
conversion in the OHTS due to selection bias.

Additionally, two other landmark glaucoma studies, the Los 
Angles Latino Eye Study (LALES)5 and the Early Manifest Glau-
coma Trial (EMGT),6 have found an inverse association between 
CCT and POAG, but only in their confounder-adjusted anal-
yses. In the univariate analysis of baseline factors predicting 
the development of POAG in the LALES, the OR for POAG 
per 40 µm decrease in CCT was 1.16 (95% CI: 0.90 to 1.50, 
p value=0.25), while in the multivariable analysis, adjusted for 

Figure 3  Directed acyclic graphs of the mediation analysis with Mendelian randomisation. The indirect effect of central corneal thickness (CCT) on 
primary open-angle glaucoma (POAG) can be calculated by multiplying α times β, where α is the effect of CCT on intraocular pressure (IOP), and β is 
the effect of IOP on POAG. The proportion mediated can be estimated by dividing the indirect effect by the total effect of CCT on POAG. Estimates of 
the CCT effect on IOP and POAG are shown per 50 µm increase in CCT. logOR, logarithm of OR.
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IOP, this association estimate became marginally statistically 
significant with an OR for POAG of 1.30 (95% CI: 1.00 to 
1.70, p value=0.05). Similarly, in the EMGT, the univariable 
analysis showed no association between CCT and POAG per 
40 µm decrease in CCT (HR: 1.23, 95% CI: 0.90 to 1.68, p 
value=0.188). However, in an analysis stratified on baseline IOP, 
a statistically significant 42% increase in POAG risk was found 
per 40 µm decrease in CCT (HR: 1.42, 95% CI: 1.00 to 1.92, p 
value=0.02), only in patients with higher baseline IOP.

The fact that in these three landmark glaucoma studies a signif-
icant inverse association occurred only after either adjusting for 
IOP in their analyses or stratifying their analysis based on IOP 
or selecting their participants based on IOP suggests the pres-
ence of collider bias31 (figure 1). Selection bias can be considered 
a form of collider bias, where control of the collider happens 
during the sampling of the study participants.32 This could be 
the case for the presence of an inverse association between CCT 
and POAG in the OHTS, since participants were selected based 
on measured IOP (collider), and both true IOP (outcome) and 
CCT (exposure) are causally associated with it. In LALES5 and 
EMGT,6 the significant association between CCT and POAG 
seems to occur due to collider bias after adjusting for measured 
IOP in their statistical analyses. The presence of collider bias 
on the CCT-POAG association has also been extensively inves-
tigated by Khawaja and Jansonius,8 where, in their simulated 
studies, CCT was significantly associated with POAG only when 
adjusted for measured IOP or when participants were selected 
based on measured IOP.

In contrast to the observational studies mentioned above, a 
recent two-sample MR study10 found that genetic predisposition 
to higher CCT is associated with a higher risk of POAG, similar 
to our results, but this association was marginally not significant 
(OR for POAG: 1.20 per 50 µm increase in CCT, 95% CI: 0.97 to 
1.47, p value=0.09). The POAG GWAS that they used included 
63 412 participants (4986 POAG cases and 58 426 controls). We 
were able to detect a statistically significant association between 
CCT and POAG because the combined GWAS data for POAG 
were much larger and consisted of 762 210 participants (8283 
POAG cases and 753 827 controls). Despite the significant 
heterogeneity among the Wald ratios for our selected SNPs, no 
directional pleiotropy that could lead to biased estimates was 
evident.23

The key strength of this study was the large sample size of the 
combined GWAS for POAG, which increased the power of our 
study. Moreover, the association estimates from the pleiotropy-
robust methods were consistent with the IVW estimate and 
did not indicate any model violations. Additionally, our media-
tion analysis with MR allowed for the assessment of the causal 
pathway between CCT and POAG. However, some limitations 
need to be taken into account. First, our outcome of interest 
was POAG so the effect of CCT on other types of glaucoma 
(eg, primary angle-closure glaucoma) was not assessed. Second, 
our MR models assumed a linear relationship between CCT and 
POAG and no interaction between these two factors. Third, we 
should keep in mind that an association does not mean causality.

In conclusion, contrary to most observational studies, our data 
provided evidence for a positive association of CCT with POAG, 
with almost one-third of the CCT effect being mediated through 
IOP changes. Triangulation of evidence from different types of 
research studies, with different key sources of bias, is warranted 
to confirm these results.
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