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Abstract

Corneal hysteresis and corneal resistance factor are parameters that reflect the dynamic biomechanical properties of the
cornea and have been shown to be biomarkers of corneal disease. In this genome-wide association study of over 100 000
participants, we identified over 200 genetic loci, all but eight novel, significantly associated with either one or both of these
traits. In addition to providing key insights into the genetic architecture underlying normal corneal function, these results
identify many candidate loci in the study of corneal diseases that lead to severe visual impairment. Additionally, using
Mendelian randomization, we were able to identify causal relationships between corneal biomechanics and intraocular
pressure measurements, which help elucidate the relationship between corneal properties and glaucoma.

Introduction
Corneal hysteresis (CH) and corneal resistance factor (CRF) are
quantitative measures of corneal biomechanics. Both pheno-
types are measured using the ocular response analyzer (ORA),
a non-contact tonometer (1) that differs from conventional non-
contact tonometry as it records both the inward and outward
applanation pressures, from which CH and CRF measures are
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derived (see Materials and Methods). CH is reflective of the vis-
coelastic dampening properties of the cornea (1) and is also
considered indicative of corneal viscosity (2). CRF is designed to
reflect the cornea’s resistance to deformation (3); it is adjusted
to be maximally associated with central corneal thickness (CCT)
and minimally associated with intraocular pressure (IOP). It has
been proposed that corneas with reduced dampening capabili-
ties are more susceptible to several ocular diseases (2).
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Table 1. Summary of phenotypic measurements, stratified by age group, of participants in the UK Biobank cohort included in these analyses

Age group CH CRF

Mean (SD)/mmHg % female N Mean (SD)/mmHg % female N

40–49 11.01 (1.70) 54.6 21 063 10.88 (1.89) 54.6 21 060
50–59 10.78 (1.68) 55.6 34 150 10.80 (1.84) 55.6 34 146
60–70 10.43 (1.66) 50.9 50 828 10.63 (1.80) 50.9 50 824
All 10.68 (1.69) 53.2 106 041 10.73 (1.84) 53.2 106 030

CH and CRF have been implicated in several conditions of the
eye. Previous work (4–6) has suggested that CH and CRF may be
predictors of glaucoma, independent of elevated IOP. CH and CRF
are also correlated, both phenotypically and genotypically with
CCT and keratoconus (7). CH and CRF are also lower in patients
with Fuchs endothelial corneal dystrophy (FECD) (8).

Genetic effects play a large role in CH and CRF variation. CH
is highly heritable, with a reported narrow sense heritability of
h2 = 0.77 (9). Additionally, several loci associated with both CH
and CRF have been identified in a previous study (7).

This study aimed to explore the genetic architecture of CH
and CRF and clarify their genetic correlation with eye and sys-
temic disease. Participants from the UK Biobank were used as a
discovery sample in this study. The UK Biobank is a population-
based cohort with 503 325 participants between 40 and 69 years
of age (10).

Results
There were 106 041 and 106 030 participants with a 97.7% sample
overlap (103 591 participants) included for CH and CRF analyses,
respectively, following quality control (see Materials and Meth-
ods). The mean age of participants was 57.3 (SD = 7.87), and 53.2%
of participants were female. A summary of the participants mea-
sured phenotypes, stratified by age group, is provided in Table 1
and the phenotypic distributions stratified by sex are displayed
in Supplementary Material, Figure S1a and b. CH distributions
and phenotypic associations within the UK Biobank have also
been previously described elsewhere (11).

Phenotypically, CH and CRF were highly correlated (r = 0.82,
P < 1.0 × 10−100) (Fig. 1). Both CH and CRF are associated with
participant age: CH—β = −0.031 mmHg/year (95% CI = [−0.030,
−0.032], P < 1.0 × 10−100), CRF—β = −0.015 mmHg/year (95%
CI = [−0.014, −0.016], P = 1.6 × 10−93), and on average men had
lower CH (β = −0.40 mmHg, 95% CI = [−0.38, −0.42], P < 1.0 ×
10−100) and CRF (β = −0.30 mmHg, 95% CI = [−0.28, −0.32], P < 1.0
× 10−100) than women.

CH was negatively correlated with corneal-compensated
intraocular pressure (IOPcc) (r = −0.46, P < 1.0 × 10−100). CRF was
positively correlated with IOPcc, albeit only to a small degree
(r = 0.081, P < 1.0 × 10−100), despite CRF being adjusted to remove
correlation with IOPcc (3).

Both CH and CRF were lower in primary open-angle glaucoma
(POAG) cases than controls (Welch two-sample t-test: CH—cases
xx̄ = 9.96 mmHg, controls xx̄ = 10.68 mmHg, P = 1.7 × 10−66; CRF—
cases xx̄ = 10.72 mmHg, controls xx̄ = 10.92 mmHg, P = 1.5 × 10−5),
despite 60.2% of POAG cases taking IOP-lowering medication,
which has been reported to increase CH (12).

Over 12 million SNPs (see Materials and Methods) were tested
for association separately for CH and CRF. The genomic inflation
factors (13) were λCH = 1.31 and λCRF = 1.43, and the respective
LD score regression intercepts (and ratios) were 1.06 (0.10) and

1.08 (0.11), consistent with expectations of polygenicity and
large sample sizes (14) indicating thet results are unlikely to be
inflated due to population structure. Genome-wide significant
association (P < 5 × 10−08) with CH and CRF was observed for
13 945 and 20 020 variants, respectively (Miami plot of results in
Fig. 2), clustered within 157 and 181 distinct genomic regions,
respectively (Supplementary Material, Tables S1 and S2), includ-
ing eight regions previously reported for CH and CRF (7); three of
these loci (ZNF469, TCF4 and COL6A1) were previously associated
only with CRF but were associated with both phenotypes in our
analyses. Overall, in these analyses, 111 regions were associated
at genome-wide significance with both CH and CRF. Figure 3
plots the effect size of the lead SNP for CH and CRF from each
genomic region, and whether they are significantly associated
with either one or both CH and CRF.

Strong association was detected for variants within or
adjacent to multiple genes from the collagens superfamily;
association was detected for both phenotypes at loci located
within the genes encoding all three subunits of collagen type
VI (COL6A1, rs142493024, pCH = 7.5 × 10−98, pCRF = 1.1 × 10−101;
COL6A2, rs1042917, pCH = 9.7 × 10−28, pCRF = 1.3 × 10−38; COL6A3,
rs2645773, pCH = 6.6 × 10−31, pCRF = 4.5 × 10−36). Collagen type VI
accounts for up to a quarter of the cornea’s dry weight (15).

Collagen type VIII is an important component of the
Descemet membrane (16) in the posterior section of the cornea
and has two subunits encoded by the genes COL8A1 and
COL8A2. SNPs upstream of COL8A1 (rs2256606, P = 2.2 × 10−9)
and within COL8A2 (rs4653159, P = 2.9 × 10−11) were associated
with CRF. However, association of these markers did not reach
genome-wide significance for CH (P = 5.1 × 10−7 and 5.8 × 10−4,
respectively).

The stroma constitutes 90% of the corneal thickness and is
primarily a complex of type I and type V collagen (17). Significant
association was identified near one of type I collagen’s two
subunits (COL1A1) for CRF (rs180976308, P = 2.0 × 10−11), though
for CH, this marker only had suggestive association (P = 2.5 ×
10−6). Meanwhile, SNPs adjacent to the gene for one of type
V collagen’s subunits were associated with both CH and CRF
(rs3132302, pCH = 9.0 × 10−17, pCRF = 9.4 × 10−28).

Interestingly, a number of loci were specifically associated
with CH and not CRF. These specific loci included several loci
previously reported to be associated with IOP (18) such as: TMCO1
(rs7518099, pCH = 3.2 × 10−28, pCRF = 0.36), CAV2 (rs10233003,
pCH = 5.7 × 10−11, pCRF = 0.001), and DGKG (rs9853115, pCH = 1.1
× 10−28, pCRF = 0.01). These phenotype-specific loci likely result
from differences in phenotypic correlation between IOP with CH
and CRF. Meanwhile, the CRF-specific loci are primarily collagen-
related genes (as previously discussed), likely as a result of
variation in the cornea’s physical structure having a greater
influence over CRF than CH.

Additionally, loci connected with rare Mendelian disorders
were associated with these corneal phenotypes, for example,
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Figure 1. A heatmap of CH against CRF measurements for the 103 591 participants that had measurements for both post-QC.

a locus within the gene VCAN (rs149879035, pCH = 1.3 × 10−9,
pCRF = 7.4 × 10−9). Mutations within VCAN are responsible for the
autosomal dominant vitreoretinopathy Wagner syndrome (19).
A key feature of Wagner syndrome is an abnormal structure
in the vitreous gel, reducing its viscosity. Though CH is indica-
tive of corneal viscosity, it is likely that the viscosity in both
the anterior and posterior chambers has some shared genetic
pathways.

Several other genes harboring associated SNPs are connected
to rare genetic disorders, particularly corneal, ocular, and
syndromic disorders of connective tissue (e.g. brittle cornea
syndrome and Shprintzen–Goldberg syndrome) based on data
available from OMIM (20) (summarized in Supplementary
Material, Tables S3 and S4).

Finally, many loci known to be associated with corneal dis-
eases, including keratoconus (21) and FECD (22), were strongly
associated with CH and CRF. These included known kerato-
conus loci: FNDC3B (rs7635832, pCH = 6.7 × 10−91, pCRF = 6.9 ×
10−134), ZNF469 (rs28425635, pCH = 4.3 × 10−92, pCRF = 1.5 × 10−109),
MPDZ (rs12686184, pCH = 7.0 × 10−86, pCRF = 5.6 × 10−96) and FOXO1
(rs11616662, pCH = 1.7 × 10−74, pCRF = 3.5 × 10−84); and FECD loci:
TCF4 (rs11659764, pCH = 2 × 10−77, pCRF = 3.9 × 10−92), ATP1B1
(rs1200108, pCH = 6.2 × 10−53, pCRF = 2.8 × 10−41) and SLC25A22
(rs12223324, pCH = 2.4 × 10−15, pCRF = 1.1 × 10−31).

Conditional analysis refined these results, identifying 203
and 258 informative SNPs associated with CH and CRF, respec-
tively. The Ensembl Variant Effect Predictor (23) identified that
out of the 203 conditional SNPs for CH, 12 are missense variants
and 39 are regulatory region variants (Supplementary Material,
Table S5). Of the 258 conditional SNPs for CRF, 15 are missense
and 40 are in regulatory regions (Supplementary Material,
Table S6). Seven missense variants: rs72755233 (ADAMTS17),
rs12448432 (HAGHL), rs77542162 (ABCA6), rs77583146 (WNT10A),
rs121908120 (WNT10A), rs1042917 (COL6A2) and rs139498917
(MAMDC2) were independently associated with both phe-
notypes; their missense coding effects make them strong
candidates for causal loci. The minor allele for one of these
SNPs in particular, rs139498917_A (MAMDC2), is associated with
a very large, and clinically relevant increase in both CH and
CRF (βCH = 1.04, SE = 0.07; βCRF = 1.14, SE = 0.08), equal to a 0.62
standard deviation increase per allele for both.

Replication of the autosomal conditional SNPs (200 SNPs for
CH and 253 for CRF) was conducted with a meta-analysis of
two independent cohorts: TwinsUK and EPIC-Norfolk, as pre-
viously described (7). Though the replication dataset was less
than 10% of the discovery cohort sample size, 17 SNPs from 17
separate regions replicated at Bonferroni-adjusted significance
(P < 2.5 × 10−4) (Supplementary Material, Table S7) for CH, while

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa155#supplementary-data
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Figure 2. A Miami plot for CH (top) and CRF (bottom). Red line is set at genome-wide significance (P = 5 × 10−8). Minimum P-value was set at P = 1 × 10−30 for better

graphical representation.
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Figure 3. A plot of the effect sizes for the lead SNPs from each region associated with either CH or CRF. SNPs are color-coded to indicate which trait they are associated

with at genome-wide significance (P < 5 × 10−8).

an additional 94 SNPs were associated with nominal signifi-
cance (P < 0.05) with the same direction of effect. Two SNPs
(rs534975221 and rs544072714) were not present in the replica-
tion dataset for CRF. From the remaining 253 markers that were
tested, 26 SNPs from 20 distinct regions replicated at Bonferroni-
adjusted significance (P < 1.98 × 10−4) (Supplementary Material,
Table S8), while an additional 106 SNPs had an equal direction of
effect with at least nominally significant association. There was
very strong correlation of effect sizes between the discovery and
replication datasets: rCH = 0.90, P = 3.6 × 10−73; rCRF = 0.89, P = 2.5
× 10−86. Figure 4a and b show plots of the effect sizes between
datasets for CH and CRF, respectively.

In line with our observations of association for polymor-
phisms within or near several collagen-coding genes, gene-set
enrichment analyses (after adjustment for 0.05 false discovery
rate (FDR)) identified enrichment for collagen pathways includ-
ing the ‘Collagens’ (24) gene set (FDR adjusted qCH = 9.0 × 10−4,
qCRF = 9.1 × 10−3). There was noticeable enrichment for gene sets
of systemic pathways such as the Gene Ontology (25) ‘Skeletal
System Development’ (FDR-adjusted qCH = 6.0 × 10−4, qCRF = 0) (all
results are summarized in Supplementary Material, Tables S9
and S10).

Currently, eQTL data for corneal tissue are not publicly avail-
able; however, within the cornea, there is a high density of

keratocytes (26), a sub-type of fibroblast. Therefore, eQTL data
for fibroblasts from the GTEx database (27) were used as a
surrogate reference for eQTL effects within the cornea. To check
the validity of eQTL-derived results, RNA-seq data (28) were used
to check if the implicated mRNAs are expressed in corneal tissue.
Significant eQTL effects in fibroblasts were present for 70 CH
conditional SNPs and 82 CRF SNPs; 58/70 CH eQTL mRNAs and
69/82 for CRF are known to be expressed within corneal tissue
(Supplementary Material, Tables S11 and S12), the mRNAs for
the other eQTLs were not included in Carnes et al.’s (28) RNA-seq
analysis, so it is unknown whether or not they are expressed in
corneal tissue.

Using the same GTEx (27) fibroblast transcriptome dataset
as the previous analysis, we performed gene-level association
testing with S-Predixcan (29) for both CH and CRF. The strongest
gene association for both phenotypes was increased expres-
sion of ZNF469 (pCH = 1.7 × 10−40, pCRF = 6.5 × 10−52) and a non-
coding RNA (RP11-863P13.3: pCH = 9.7 × 10−31, pCRF = 3.7 × 10−34),
upstream of ZNF469 on chromosome 16 (Supplementary Mate-
rial, Tables S13 and S14). These results indicate that the strong
association in the SNP-based GWASs for variants within ZNF469
(rs28425635, pCH = 2.0 × 10−92, pCRF = 1.5 × 10−109) is likely medi-
ated through variation in gene expression. In total, there was
significant association for expression of 86 genes with CH, and

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa155#supplementary-data
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Figure 4. (A) Plot of conditional SNP effect sizes for CH between the discovery and replication cohorts. Points are color-coded by their P-value in the replication

cohort where red points reach Bonferroni-corrected significance (P < 2.5 × 10−4), green points have nominal significance (P < 0.05) and blue have P > 0.05. (B) Plot of

conditional SNP effect sizes for CRF between the discovery and replication cohorts. Points are color-coded by their P-value in the replication cohort where red points

reach Bonferroni-corrected significance (P < 1.98 × 10−4), green points have nominal significance (P < 0.05) and blue have P > 0.05.
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Table 2. Results from the best fitting models for Mendelian randomization

Exposure
phenotype

Outcome
phenotype

Number of SNPs Model Beta SE P-value

CH IOPcc 144 IVW −0.128 0.024 <1E-3
Egger 0.048 0.065 0.462
Egger intercept −0.011 0.004 0.014

CRF IOPcc 166 IVW 0.31 0.021 <1E-3
Egger 0.005 0.054 0.928
Egger intercept 0.018 0.004 <1E-3

IOPcc CH 99 IVW −0.154 0.009 <1E-3
Egger −0.153 0.032 <1E-3
Egger intercept 0.002 0.004 0.537

IOPcc CRF 96 IVW 0.137 0.01 <1E-3
Egger 0.12 0.031 <1E-3
Egger intercept 0.002 0.004 0.54

For the model, IVW is the penalized inverse weighted variance, Egger is the penalized Egger model and Egger intercept is the corresponding intercept results for the
given Egger results shown. Number of SNPs is the number of uncorrelated SNPs used as genetic instruments for each test.

107 with CRF, while 75/86 of the CH-associated genes and 96/107
of the CRF-associated genes are known to be expressed within
corneal tissue (Supplementary Material, Tables S13 and S14).

Genetic correlations (denoted rg) were identified for CH and
CRF with multiple phenotypic traits (Supplementary Material,
Tables S15 and S16). As expected, their strongest correlation was
with each other (rg = 0.88, P = 2.2 × 10−1547) and with CCT (CH:
rg = 0.64, P = 8.0 × 10−32; CRF: rg = 0.69, P = 1.3 × 10−45). Systemic
trait correlations for CH and CRF were similar, such as forced
vital capacity (CH: rg = −0.12, P = 3.1 × 10−7; CRF: rg = −0.10, P = 1.2
× 10−5) and standing height (CH: rg = −0.11, P = 2.7 × 10−7; CRF:
rg = −0.09, P = 3.3 × 10−5). However, IOPcc correlations with CH
and CRF were in reverse directions (CH: rg = −0.18, P = 1.5 × 10−10;
CRF: rg = 0.34, P = 6.8 × 10−42) and for POAG (CH: rg = −0.14, P = 7.0
× 10−3; CRF: rg = 0.30, P = 1.4 × 10−10). The genetic correlation
with IOPcc and POAG was stronger for CRF than CH, despite the
reverse being true for IOPcc phenotypically.

In light of the genetic correlations between IOPcc and both
CH and CRF, despite IOPcc and CRF having minimal phenotypic
correlation, we applied Mendelian randomization (30) to infer
any direct causal relationships. A combination of Mendelian
randomization approaches indicated that the ‘penalized’ regres-
sion models were most appropriate for these data (see Materials
and Methods for details). Results infer that IOPcc has a direct
causal effect on both corneal biomechanical phenotypes (best-
fitting models summarized in Table 2). However, when testing
for causality in the opposite direction (CH and CRF affecting
IOPcc), the MR-Egger intercept was significantly different from
0. These results indicate that IOPcc has a unidirectional causal
effect over CH and CRF and that IOP influences how the cornea
responds to biomechanical change. Full results from all models
are provided in Supplementary Material, Tables S17–S20.

Discussion
This GWAS identified a total of 217 distinct genomic regions
significantly associated with either one or both corneal biome-
chanical properties, CH and CRF. These include loci implicated in
the corneal diseases of keratoconus (21) and FECD (22), alongside
many novel associations, and replicated all previously reported
associations for these phenotypes (7).

One of these novel associations was on chromosome X, which
is often excluded from GWAS analyses (31). The strongest asso-
ciation on this chromosome was within the biglycan gene (BGN).

The biglycan protein forms a complex acting as a link between
type II and VI collagen, with biglycan-deficient animal models
having disarrayed collagen fibrils (32). Association at this locus
is another component in collagen-related pathways, which were
highly enriched in our results.

Previous studies have shown that CH and CRF are signifi-
cantly different in patients with corneal dystrophies such as
keratoconus (33,34) and FECD (8) compared to healthy controls,
and in the case of keratoconus, they have a strong predictive
value for disease status (34). However, due to these conditions
having a reasonably low prevalence, it is difficult to acquire large
numbers of cases to provide statistical power in GWAS analyses.
Therefore, CH and CRF serve as useful endophenotypes, and the
numerous significantly associated loci in our analyses provide
suitable candidates for further study of the genetic etiology of
corneal diseases.

There is an enrichment of associated variants within or adja-
cent to genes for multiple collagen subunits for both CH and CRF.
As different collagen types are expressed throughout different
layers of the cornea, these results indicate that variations in col-
lagens throughout the corneal layers influence corneal biome-
chanical properties. Interestingly, despite analyzing the same
sample for both phenotypes, there is both a greater enrichment
of collagen loci and a greater number of significantly associated
loci for CRF than for CH. This is possibly a consequence of IOP
effects on the corneal dampening capabilities; thus, CH mea-
surements contain an IOP component, and IOP is known to be a
relatively ‘noisy’ phenotype (35). Meanwhile, CRF was designed
to have a minimal IOP component (3), which in turn may reduce
noise in the data.

Mendelian randomization indicates that IOPcc exerts causal
effects over CH and CRF. The directions of effect show that
an increase in IOPcc will reduce CH but simultaneously raise
CRF. Although counterintuitive at first sight given the strong
phenotypic correlation between CH and CRF (r = 0.82, P < 1.0 ×
10−100), these results are consistent with the core properties of
these parameters. CH is representative of the cornea’s damp-
ening capabilities which will be reduced by increased pressure,
whereas CRF represents the resistance within the cornea which
will increase when subjected to raised pressure. Interestingly,
these results infer that CRF is not independent of IOP, despite
the formula to derive it being designed to minimize IOP correla-
tion and effects (3); genetic correlation between CRF and POAG
(rg = 0.30, P = 1.4 × 10−10) is likely driven by the effect IOP has
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over CRF. In light of these results, further study is required to
determine the utility and independence of CH as a risk factor for
POAG progression (4).

This study is the largest to date, and uniform measurement
methods were used in a largely homogenous UK population.
Our findings provide new insight into the genetic architecture of
dynamic corneal properties, which may be useful in aiding our
understanding of both normal corneal development and disease
pathways involved in a number of corneal conditions.

Materials and Methods
We performed a GWAS using information from the 117 649 par-
ticipants that took part in the eye and vision component in the
UK Biobank (10).

Subjects

Subjects included for this analysis provided full informed con-
sent in accordance with ethical approval granted and overseen
by the UK Biobank Ethics and Governance Council. All subjects
included were confirmed to be of European ancestry through
principal component analysis as described in a previous study
(18), and all first-degree relatives, as determined by identity by
descent calculations, were excluded.

Phenotyping

CRF and CH were both measured using the ORA device, during
an eye examination performed by a trained technician. The ORA
uses a 20 ms air pulse to flatten the cornea, while using an
electro-optical system to measure the inward (designated P1)
and outward (designated P2) applanation pressures (1). CH is
defined as the absolute difference between P1 and P2 (1), while
CRF is a linear function of P1 and P2 that has been adjusted
to minimize correlation with corneal-compensated intraocular
pressure (IOPcc) while maximizing correlation with CCT (3).
Measurements were excluded from analysis if the participants
had a history of glaucoma or corneal surgery, refractive surgery,
eye injuries, and those currently using glaucoma medications.
In addition, the top and bottom 0.5 percentiles were excluded
to remove any outliers that are likely artefact. The mean of
measures from the left and right eye was used as the outcome
variable. In total, 106 041 and 106 030 participants remained for
CH and CRF analysis, respectively, with a 97.7% sample overlap
(103 591).

POAG cases and controls were ascertained using ICD10 codes
and self-reported questionnaire data. Use of IOP-lowering med-
ication was self-reported.

Genotyping

UK Biobank participants were genotyped on one of two arrays:
the Affymetrix UK Biobank Axiom array, and the UK BiLEVE array.
Imputation of additional variants was performed using a com-
bined Haplotype Reference Consortium (HRC) (36) and UK10K
(37) reference panel; full details for genotyping and imputation
are described elsewhere (38). Only variants that were either
directly genotyped or imputed using the HRC reference panel
were included in our analysis. Variants were then filtered with
minor allele frequency >0.1% and an imputation quality score
>0.4 cut-off.

Association tests

The CH and CRF measurements were used as the outcome
variables in separate linear mixed model regressions, under the
assumption of an additive model for allelic effects. Adjustments
were made for age, sex and the first five principal components.
These analyses were performed in BOLT-LMM (39) using a linear
mixed model, that provides additional corrections for population
structure and cryptic relatedness. For chromosome X, genotypes
were coded as diploid (males coded as 0/2 and females as 0/1/2)
to account for dosage compensation.

Phenotypic association tests

Phenotypic associations with age were tested in R (40) using a
linear model, adjusted for age and sex. Correlation between CH
and CRF was tested with Pearson’s correlation coefficient.

Genomic region and significance specification

In this paper, an ‘associated region’ was defined as a region
with genome-wide significantly associated markers, separated
from other associated regions by a minimum of 1 million base-
pairs that are not significantly associated. Genome-wide signif-
icance for our study was set at P < 5 × 10−8, customary for these
analyses.

LD score regression and genetic correlation

An LD score regression intercept was calculated to identify any
possible inflation (14) using the LD Hub (41). This approach is
more informative for this study than the Devlin genomic infla-
tion lambda (13), on account of the large cohort size and high
trait polygenicity. LD Hub was then used to test for genetic cor-
relation between other heritable traits, and CH and CRF, respec-
tively (42).

Conditional analysis

Following the same procedure outlined by Yang et al. (43), condi-
tional analysis was conducted in GCTA to identify variants that
are independently associated with CH or CRF.

Gene pathway enrichment analysis

Summary statistics from each phenotype were analyzed by
MAGENTA (44) to identify any enriched association in gene
pathways for canonical gene sets and Gene Ontology gene
sets (25). The original databases used were acquired from the
Molecular Signatures Database (version MSigDB v6.1, 45) and
were then modified for compatibility. An enrichment cut-off
for the 75th percentile was applied as recommended for highly
polygenic traits (44). A 5% FDR was applied to results to correct
for multiple testing.

Gene-based association

Summary statistics from our GWAS were used as input for analy-
sis by S-PrediXcan (29) to test for association between phenotype
and whole gene expression. As with the eQTL analysis, results
were limited to fibroblast tissue, as it is a functionally relevant
model due to the high density of keratocytes, a sub-type of
fibroblast, within the cornea (26). A Bonferroni corrected signifi-
cance threshold of P < 2.5 × 10−7 is recommended when testing
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all gene-tissue pairs. However, as we only included fibroblast
tissue in this analysis, this value was adjusted to correct for all
tested gene-tissue pairs and set at P < 5.5 × 10−6.

Replication of associated markers

Autosomal SNPs with independent association in this study, as
identified by conditional analysis, were subject to replication
testing with Bonferroni correction for multiple testing. The repli-
cation was conducted with a meta-analysis in two independent
cohorts, EPIC-Norfolk (46,47) and TwinsUK (48). In brief, GWAS
and subsequent meta-analysis was conducted for both CH and
CRF separately in these cohorts. In total 9029 participants of
European ancestry were included in these analyses, with no
known sample overlap with the UK Biobank. Full details of this
analysis are described elsewhere (7).

Mendelian randomization

Mendelian randomization was used to test for causal inference
between IOPcc with CH and CRF. Summary SNP data for IOPcc
were used from Khawaja et al.’s (18) recent meta-analysis (which
included the UK Biobank). The lead SNPs from each separate
genomic region were selected as genetic instruments for the
exposure variable in order to prevent confounding errors result-
ing from correlated SNPs. Any SNPs significantly associated with
the outcome variable (P < 5 × 10−8) were excluded as they may
have a common cause with the outcome (the MR independence
assumption). Standard regression, penalized regression, robust
regression, and penalized robust regression models were applied
for these analyses with results indicating that the penalized
models were the most suitable. The penalized models down-
weigh the contribution of variants with heterogenous causal
estimates to the analysis; due to the inclusion of a relatively large
number of instrument variables in these analyses, a penalized
regression is more stable than a standard linear regression (49).
For the inverse-variance models, the psi variable was set as the
observational correlation between the exposure and outcome
phenotypes to account for sample overlap. All analysis was
performed in the MendelianRandomization (50) package in R
(40).
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