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One Sentence Summary

Phenome- and genome- wide associations of retinal OCT images across nearly 50,000 individuals
identifies ocular and systemic phenotypes linked to retinal layer thinning, inherited genetic variants
linked to retinal layer thickness, and putative causal links between systemic conditions, retinal layer
thickness, and ocular disease.

Abstract

The human retina is a complex multi-layered tissue which offers a unique window into systemic
health and disease. Optical coherence tomography (OCT) is widely used in eye care and allows the
non-invasive, rapid capture of retinal measurements in exquisite detail. We conducted genome- and
phenome-wide analyses of retinal layer thicknesses using macular OCT images from 44,823 UK
Biobank participants. We performed phenome-wide association analyses, associating retinal
thicknesses with 1,866 incident ICD-based conditions (median 10-year follow-up) and 88 quantitative
traits and blood biomarkers. We performed genome-wide association analyses, identifying inherited
genetic markers which influence the retina, and replicated our associations among 6,313 individuals
from the LIFE-Adult Study. And lastly, we performed comparative association of phenome- and
genome- wide associations to identify putative causal links between systemic conditions, retinal layer
thicknesses, and ocular disease.

Independent associations with incident mortality were detected for photoreceptor thinning and
ganglion cell complex thinning. Significant phenotypic associations were detected between retinal
layer thinning and ocular, neuropsychiatric, cardiometabolic and pulmonary conditions. Genome-wide
association of retinal layer thicknesses yielded 259 loci. Consistency between epidemiologic and
genetic associations suggested putative causal links between thinning of the retinal nerve fiber layer
with glaucoma, photoreceptor segment with AMD, as well as poor cardiometabolic and pulmonary
function with PS thinning, among other findings.

In conclusion, retinal layer thinning predicts risk of future ocular and systemic disease. Furthermore,
systemic cardio-metabolic-pulmonary conditions promote retinal thinning. Retinal imaging
biomarkers, integrated into electronic health records, may inform risk prediction and potential

therapeutic strategies.
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Introduction

The human retina is an intricate, highly stratified central nervous system tissue responsible for
phototransduction and the transmission of neuronal signals to the visual cortex. Existing literature
details the interaction between retinal cells and many factors including senescence(7), environmental
exposure (e.g. smoking(2) and diet(3)), genetics(4), ocular conditions (e.g. glaucoma(3) and age-
related macular degeneration [AMD](6)), cardiometabolic diseases (e.g. diabetes(7), hypertension(8)
and coronary microvascular disease(9)), neurological diseases (e.g. dementia(70, 1), stroke(12) and
multiple sclerosis [MS](13)), pulmonary diseases (e.g. pulmonary hypertension(74), sleep apnea(15,
16) and chronic obstructive pulmonary disease [COPD](/7)) and renal diseases (e.g. chronic kidney
disease [CKD](18) and glomerulonephropathies(79, 20)). Within the human body, the retina is
uniquely positioned posterior to optically clear structures, permitting in vivo visualization and imaging

in ways not possible for any other tissue of its cellular complexity and composition.

The use of retinal findings is longstanding and commonplace in the assessment of both ocular and
systemic diseases(2/—23). Since the turn of the century, high-resolution retinal imaging modalities
have been developed and iterated exponentially. Modern spectral domain optical coherence
tomography (OCT) allows the non-invasive, rapid capture of retinal measurements in exquisite detail
(axial resolution 3-8um) and is now routinely used in eye care settings, with high patient acceptability
and minimal technical training requirements(24, 25). The now automated delineation and
measurement of OCT layers obviates the need for time-intensive manual layer segmentation, and is
accurate and highly repeatable(26). This combined with the known physiological interactions
between the retina and other organ systems makes retinal layer thickness measurement a potentially
attractive addition to diagnostic, risk stratification, disease surveillance and treatment response

assessment methods.

Quantitative associations between retinal structure and systemic diseases demonstrate the predictive

value of retinal measurements and have been particularly well characterized for cardiovascular and
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neurodegenerative diseases(/ 1, 27-30). Analyses using large, deeply-phenotyped datasets with
associated retinal imaging offer the potential to gain new insights into pathophysiological processes

and disease risk factors, as well as opportunities to identify novel biomarkers and therapeutic targets.

The first genome-wide association study (GWAS) of macular thickness using UK Biobank data was
published in 2019 and identified 139 significant loci(3/). Top macular thickness genes were shown to
be present in the retina using gene expression data and many variants were associated with ocular and
systemic diseases, including AMD, neurodegenerative conditions, cancer, and metabolic traits(3/).
More recently, 46 loci associated with inner retinal layer thickness have been reported(32). However,
GWAS across specific cellular layers of the retina has not been performed, and epidemiologic and
causal links between retinal layer thicknesses and phenome-wide associations remain under-explored

at present.

This article summarizes the results from a phenome-wide association study (PheWAS), GWAS, and
complementary genetic discovery and comparative genomic and epidemiologic analyses to investigate
the associations between retinal layer thicknesses from 44,823 UK Biobank participants and 1,866
incident international classification of diseases (ICD)-based conditions (median of 10 years of follow
up), 88 quantitative clinical and blood traits, 168 plasma metabolites, and over 13 million genetic
variants. In summary, the results we present offer opportunities to better understand disease
mechanisms, identify ocular biomarkers and discover novel treatment targets for ocular and systemic

diseases.


https://doi.org/10.1101/2023.05.16.23290063
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.05.16.23290063; this version posted May 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Methods

UK Biobank cohort and sample exclusion

The UK Biobank is a prospective population-based cohort study of 502,649 adults aged 40-69
recruited from 2006-2010 with existing genomic and longitudinal phenotypic data (median 10 years
of follow-up)(33). Comprehensive baseline assessments were conducted at 22 assessment centres
across the UK, consisting of questionnaires, physical measurements and biological sample collections
including blood-derived DNA. Retinal imaging was performed at enrollment using the Topcon 3D
OCT 1000 Mark II (Topcon GB, Newberry, Berkshire, UK) instrument which captures a 3D scan and
photograph of the retina. Data use was approved by the Massachusetts General Hospital Institutional
Review Board (protocol 2021P002040) and facilitated through UK Biobank Applications 7089 and

50211.

Of the 67,339 genotyped individuals with available retinal OCT imaging at enrollment, we analyzed
data from 44,823 consenting participants with good quality scans of white British ancestry with
genotypic-phenotypic sex concordance. We randomly excluded one from each pair of first- or second-

degree relatives. Poor-quality images and image outliers were excluded as detailed below.

Retinal OCT and retinal layer segmentation

Nonmydriatic spectral domain OCT scans of the macula were obtained using Spectral Domain
Topcon 3D OCT 1000 Mark II (Topcon GB, Newberry, Berkshire, UK). Three-dimensional 6x6 mm?
macular volume scans were obtained (512 horizontal A-scans per B-scan; 128 B-scans in a 6x6 mm
raster pattern). The right eye of each participant was imaged first, followed by the left eye. All OCT
images were stored as .fds image files without prior analysis of macular thickness. We used the
Topcon Advanced Boundary Segmentation (TABS) algorithm to automatically segment all scans,
which uses dual-scale gradient information to allow for automated segmentation of the inner and outer
retinal boundaries and retinal sublayers(34). The boundaries segmented are the internal limiting

membrane (ILM), nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL),
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inner nuclear layer (INL), external limiting membrane (ELM), photoreceptor inner segment/outer
segment (IS/OS) junction, retinal pigment epithelium (RPE), Bruch’s membrane (BM) and choroid-
sclera interface (CSI). The software provides an image quality score and segmentation indicators
which were used for quality control. Segmentation indicators included the ILM indicator; a measure
of the minimum localized edge strength around the ILM boundary across the scan, which can be used
to identify blinks, scans that contain regions of signal fading, and errors in segmentation(35). We
excluded all images with image quality scores less than 40 and images representing the poorest 10%
as designated by the ILM indicator. We also excluded any image with a layer thickness greater than
2.5 standard deviations away from the mean. The thickness of each retinal sub-layer was determined
by calculating the difference between boundaries of interest and averaging this across all scans. For
example, retinal nerve fiber layer (RNFL) thickness was calculated as the difference between ILM

and NFL boundary lines.

UK Biobank array genotyping, whole exome sequencing and quality control

Genome-wide genotyping of blood-derived DNA was performed by UK Biobank for 488,377
individuals using two genotyping arrays sharing 95% marker content: Applied Biosystems UK
BiLEVE Axiom Array (807,411 markers in 49,950 participants) and Applied Biosystems UK
Biobank Axiom Array (825,927 markers in 438,427 participants), both produced by Affymetrix
(Santa Clara, CA, USA)(33). Variants used in the present analysis include those also imputed using
the Haplotype Reference Consortium reference panel of up to 39 million bi-allelic variants and 88
million variants from the UK10K+1000 Genomes reference panels)(33). Poor quality variants and
genotypes were filtered as previously described(33), with additional filters including high-quality
imputed variants (INFO score >0.4), minor allele frequency >0.005, and Hardy-Weinberg
Equilibrium P>1x10"", as previously implemented using Hail-0.2

(https://hail.is/docs/0.2/index.html)(36—38).
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UK Biobank whole exome sequencing was performed for 200,627 individuals using blood-derived
DNA at the Regeneron Sequencing Center(39); the methods of which have been previously described
for the earlier data release for approximately 50,000 individuals(40). In brief, the IDT xGen Exome
Research Panel v1.0 was used to capture exomes at over 20x coverage across 95% of sites. Extensive
additional genotype, variant and sample-level exclusion filters were applied to study high-quality
autosomal exome sequence variants as previously described(39, 41) using Hail-0.2 (Supplementary

Note 1).

OCT layer phenome-wide association study (OCT-PheWAS)
Four sets of OCT-PheWAS analyses were performed, corresponding to the association of retinal layer
thicknesses with: 1) prevalent phenotypes at enrollment 2) incident phenotypes developed following

enrollment 3) quantitative systemic biomarkers and 4) quantitative ocular traits.

OCT-PheWAS with prevalent and incident phenotypes was performed across all of the 1,866
hierarchical phenotypes defined from the Phecode Map 1.2(42) ICD-9

(https://phewascatalog.org/phecodes) and ICD-10 (https://phewascatalog.org/phecodes_icd10)

phenotype groupings(43). Associations of retinal layer thicknesses with prevalent phenotypes were
performed using logistic regression models, and associations with incident phenotypes were
performed using Cox proportional hazards models after excluding individuals with the corresponding
diagnosis at or prior to enrollment. Both models were adjusted for age, age?, sex, smoking status
(current/prior/never smoker), height, weight, spherical equivalent, and self-reported ethnicity (Data

field 21000, https://biobank.ctsu.ox.ac.uk/crystal/field.cqi?id=21000). These covariates were used to

highlight disease-related states associated with retinal layer thickness and remove natural differences
conferred by age, sex, smoking, ethnicity, body habitus, and orbit size. We used both age and age-
squared in our models to account for both linear and quadratic relationships with age. We utilized sex,
smoking status, and self-reported ethnicity as these are important confounders to use in conventional

epidemiologic analyses and were found to have significant association with the retinal layer
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thicknesses as observed in Supplementary Table 2. Furthermore, we added on height and weight as
covariates given body size was also observed to associated with retinal layer thicknesses (as
highlighted in Supplementary Figure 2 and Supplementary Table 2). Indeed, a larger body habitus is
associated with overall thicker retinal layers as visualized in Supplementary Figure 2. Lastly,
adjustment for spherical equivalent was performed as the size of the orbit, ie: how myopic or
hyperopic one is, also stretches out the orbit thereby influencing the retinal layer thicknesses (as
visualized in Supplementary Figure 2 and quantified in Supplementary Table 2). The proportional
hazards assumption was assessed by Schoenfeld residuals and was satisfied for each model. Analysis
was performed across disease phenotypes. Statistical significance was defined using a false discovery

rate (FDR) of <0.05.

OCT-PheWAS across 88 quantitative systemic biomarkers measured at enrollment, including blood
counts (Category ID 100081), blood biochemistry markers (Category ID 17518), liver MRI, iron and
inflammation measurements (Category 126), arterial stiffness and reflection index measurements from
finger photoplethysmography (Category 100007), blood pressure (Category 100011), pulmonary
function results from spirometry (Category 100020), left ventricular size and function and pulse wave
analysis from cardiac MRI (Category 102), and eye measurements (Category 100011) were
performed. For all phenotypes, sex-specific extreme outliers were excluded by adjusting the
traditional box and whisker upper and lower bounds and accounting for skewness in the phenotypic
data using the Robustbase package in R (setting range=3) as previously performed(36—38)

(https://cran.r-project.org/web/packages/robustbase/robustbase.pdf). Quantitative traits were inverse

rank normalized to mean 0 and standard deviation 1. Analyses were performed using linear regression
in models adjusted for age, age?, sex, smoking status (current/prior/never smoker), height, weight,
spherical equivalent, and ethnicity. Statistical significance was defined using a false discovery rate of

<0.05.

GWAS and secondary in silico analyses
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GWAS was performed using Hail-0.2 software (https://hail.is/) on the Google cloud for individuals
with retinal OCT imaging at enrollment. A linear regression model was used for analysis, adjusting
for age, age’, sex, smoking, spherical equivalent, the first ten principal components of genetic

ancestry, and genotyping array.

Using the GWAS summary statistics, SNP heritability analysis was performed using LD-score

regression with LDSC-v1.0.1 (https://github.com/bulik/Idsc) and European LD scores from 1000

Genomes(44). Putative causal genes were prioritized using PoPS software(45)

(https://github.com/FinucaneLab/pops), which integrates GWAS summary statistics with gene

expression, biological pathways, and predicted protein-protein interaction data to identify likely
causal genes at each genome-wide significant locus (combines information from gene expression data
from 73 publicly available bulk RNASeq and scRNASeq databases including from retinal tissues,
8,479 biological pathways, and 8,718 protein-protein interactions). Enrichment analysis was
performed using the FUMA and EnrichR web browsers across genes with a PoPS z-score>1. Genetic
correlation analysis was performed using GNOVA, using GWAS summary statistics from the datasets

listed in the legend of Supplementary Table 12.

Replication of genome-wide significant associations in the LIFE-Adult-Study

The population-based cohort LIFE-Adult-Study (Leipzig Research Center for Civilization Diseases)
examined 10,000 randomly selected participants (registry office) from the city of Leipzig,
Germany(46). The sample was recruited stratified by age and sex. 9,600 participants were in the age
group between 40 and 79 years and 400 between 18 and 39 years. The study investigates the effect of
molecular-genetic, environmental and life-style factors on the prevalence and incidence of major
civilization diseases (ex: diabetes mellitus, obesity, allergies, cardiovascular diseases). All subjects
participated in a comprehensive examination program including structured medical interviews,

questionnaires, physical and medical examination, and clinical chemistry (46).
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Prior to participation, all participants provided written informed consent. The study was approved by
the Ethics Committee of the Medical Faculty of Leipzig University, and the research was conducted

in accordance with the Declaration of Helsinki.

Spectral-domain optical coherence tomography (SD-OCT, Spectralis, Heidelberg Engineerning,
Heidelberg, Germany) scans of the macular area with a field size of 20° (temporal-nasal) x
20°(superior-inferior) were acquired in High Speed mode. Every B-scan contained 512 A-scans,
corresponding to a distance between single A-scans of 0.039°. 97 B-scans were acquired within the
specified field resulting in a distance between individual B-scans of ~0.205°. Data was segmented by
built-in Heyex algorithm yielding the following thicknesses: retinal nerve fiber layer (RNFL);
ganglion cell layer (GCL); inner plexiform layer (IPL); inner nuclear layer (INL); outer plexiform
layer (OPL); outer nuclear layer (ONL) which includes thickness of external limiting membrane
(ELM) as layer is segmented by Spectralis SD-OCT software at the inferior border of the bright band
(ELM); myoid zone (MZ); ellipsoid zone (EZ) and outer-photoreceptor segment (OS) combined
(named EZ+OS here) as segmentation by Spectralis SD-OCT software of this zone/ this section
consists of a bright (EZ) and a dark (OS) band; interdigitation zone (IZ); retinal pigment epithelium
(RPE). These layers were summarized as follows to match the UK Biobank TOPCON data, resulting
in the following analyzed layers: RNFL, GCL, IPL, INL, OPL+ONL, PS as computed by MZ+

EZ+0S+1Z, and RPE; furthermore GCC was computed by RNFL+GCL+IPL.

The measurements of the thickness of the retinal layers were made separately for the left and right
eye. In order to perform an analysis for the average thickness of the retinal layers, outliers were first
removed (mean +/- 3 SD). After determination of the residuals with adjustment to the spherical
equivalent, the mean value was determined and used after scaling for the GWAS with PLINK2.
Ultimately, 6313 unrelated samples with measurements of retinal layer thickness were included in

analyses across the 259 top genome-wide significant loci identified in the UK Biobank.

Polygenic risk score (PRS) development

10
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Polygenic risk scores (PRS) for the retinal layer thicknesses were developed among individuals not
included in the GWAS study (i.e. genotyped UK Biobank participants without retinal OCT images
available). This method of excluding individuals used in the GWAS in the PRS-PheWAS is done to
minimize bias in interpretation of downstream PRS-PheWAS analysis such that the compared
epidemiologic OCT-PheWAS analyses and genetic PRS-Phe WAS analyses represent results from
distinct and non-overlapping sets of individuals. Significant, independent loci were identified using
variants with P<5x10™®, clumped in Plink-2.0 using an r* threshold of 0.1 across 1-MB genomic
windows from the 1000 Genomes Project European reference panel. Additive PRSs for each separate

retinal layer thickness were developed as follows: Y, Beta X SNP; s

where Beta is the weight for
each of the N independent genome-wide significant variants in the GWAS, and SNP;; is the number
of alleles (i.e. 0, 1, or 2) for SNP; carried by individual j in the UK Biobank. Further sensitivity
analyses were performed to assess association of the retinal layer thickness PRS and possible

environmental confounders other than those included as covariates in the analysis (ex: socioeconomic

status as indicated through Townsend deprivation index, alcohol intake, diet, stress, exercise).

Additionally, we created polygenic risk scores (PRS) for clinical quantitative traits previously detailed
(88 quantitative systemic biomarkers measured at enrollment, including blood counts (Category ID
100081), blood biochemistry markers (Category ID 17518), liver MRI, iron and inflammation
measurements (Category 126), arterial stiffness and reflection index measurements from finger
photoplethysmography (Category 100007), blood pressure (Category 100011), pulmonary function
results from spirometry (Category 100020), left ventricular size and function and pulse wave analysis
from cardiac MRI (Category 102), and eye measurements (Category 100011)) used in a PRS-
PheWAS as follows. We restricted the analysis to variants present in the hapmap3 dataset (~1.5
million variants) and excluded variants within major histocompatibility complex locus (defined as
chromosome 6: base pairs 25,000,000-35,000,000). First, we inverse-rank normalized and regressed
out the phenotypic values for the covariates (age, age-squared, genetic sex, usage of lipid-lowering

medicine, usage of anti-diabetic medicine, smoking status, and alcohol consumption status). Using

11
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these normalized quantitative phenotypes, we estimated the effect sizes of each variant through
genome-wide association study by BOLT-LMM (ver2.3.5), adjusting for genotyping array among
European ancestry ascertained by K-means clustering (K=4) on the first four genetic principal

components (as done previously here: https://research-information.bris.ac.uk/en/datasets/mrc-ieu-uk-

biobank-gwas-pipeline-version-2). Samples included in the retinal OCT analyses were excluded from

the genome-wide analyses to prevent sample overlap. Then, we applied the pruning and thresholding
method to choose the best parameters by PLINK software. The tested parameters were R* = (0.2, 0.4,
0.6,0.8), P=([0,5 x 10®], [0, 5 x 10°], [0, 5 x 10™], [0, 5 x 107?], [0, 1]) on the holdout population in
UKBB. We tested the performance of PRSs on the independent validation cohort (the second holdout
UKBB population, N < 5,000), using a linear regression model adjusting for age, age-squared, and the
first ten principal components. We chose the combination of the R*/P-value cutoff parameters which
attained the smallest P-value in the regression model on the validation cohort (provided in

Supplementary Table 15).

Polygenic risk score (PRS) Phenome-Wide Association Study

PRS-PheWAS was performed to assess for potential causal quantitative systemic traits that
concordantly influence retinal layer thicknesses epidemiologically and genetically. Phenome-wide
associations of the retinal layer thickness PRS were performed to test the associations between
genetically influenced layers across combined prevalent and incident phenotypes from PheCode Map
1.2(42) ICD-9 and ICD-10 codes, adjusted for age, age?, sex, smoking, the first ten principal
components of genetic ancestry, and genotyping array. Given slight differences in the magnification
of OCT images correlated with the presence and severity of myopia (spherical equivalent), we also

performed sensitivity analyses adjusting for spherical equivalent, as previously described(32).

Additionally, phenome-wide associations of the systemic quantitative trait PRS were performed to test

their association with retinal layer thickness, adjusting for age, age®, sex, smoking, the first ten

principal components of genetic ancestry, and genotyping array.
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Rare variant association study (RVAS)
RVAS was performed among unrelated individuals with both whole exome sequencing (WES) and
retinal OCT images available using burden tests through the REGENIE package(47)

(https://rgcgithub.github.io/regenie/options/). Exonic variants were filtered as rare (minor allele

frequency <1%) variants, predicted high-confidence loss-of-function variants by LOFTEE(48) or
predicted missense deleterious variants by MetaSVM(49), and grouped by protein-coding gene.
RVAS gene burden analysis was conducted, adjusting for age, age’, sex, ever smoking, and the first
ten principal components of genetic ancestry. Significance was defined based on a Bonferroni cutoff

dependent upon the number of genes analyzed (P<0.05/11767=4.2x10°® for retinal layer thickness).
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Results

Baseline characteristics

Data from 44,823 UK Biobank participants with genotyped samples and retinal OCT images were
included in analyses. Mean age was 56.8 (SD 7.9) years and 24,058 (53.7%) were female. While all
individuals included in our analyses were of white, British ancestry as determined through their
genotypic data, 1.3% of participants self-reported their ethnicity as either South Asian (N=40, 0.1%)
or as Black or Mixed race (N=530, 1.2%). 4,291 (9.6%) were tobacco smokers at enrollment, 16,199
(36.1%) reported previously smoking and 24,333 (54.3%) reported no history of smoking. Mean BMI
was 27.2 (SD 4.7) kg/m?. Prevalent systemic conditions included 951 (2.1%) participants with type 2
diabetes, 12,843 (28.7%) hypertension, 2,292 (5.1%) coronary artery disease, 7,452 (16.6%)
hypercholesterolemia, 143 (0.3%) chronic kidney disease, and 639 (1.4%) stroke. The prevalence of
ocular conditions was low overall: the number of participants with a self-reported or diagnosed
history of cataract was 1,585 (3.5%), 624 (1.4%) for glaucoma, 512 (1.1%) for AMD, and 108 (0.2%)

for retinal detachment (Supplementary Table 1).

Quantification of retinal layer thicknesses from OCT imaging segmentation

The mean OCT retinal layer thicknesses (N=44,823), as determined by automatic segmentation was
102.2um (SD 8.2) for the ganglion cell complex (GCC), 40.0um (SD 4.7) for the retinal nerve fiber
layer (RNFL), 33.3um (SD 2.8) for the ganglion cell layer (GCL), 28.9um (SD 2.57) for the inner
plexiform layer (IPL), 30.9um (SD 2.0) for the inner nuclear layer (INL), 77.4um (SD 5.8) for the
outer plexiform layer (OPL), 63.3um (SD 2.7) for the photoreceptor segment (PS) layer, 23.2um (SD
1.8) for the retinal pigment epithelium-Bruch’s membrane complex (RPE-BM) and 200.3um (SD

46.1) for the choroid-scleral interface (CSI) (Supplementary Table 1, Figure 1a).
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The calculated retinal layer thicknesses were highly correlated between right and left eyes as shown in
Supplementary Figure 1. Mean retinal layer thicknesses were greater for left eyes compared to right
for all retinal layers except for the GCL with a mean right-left difference of 0.04um (P=6.8x10®).
Other retinal layers reaching statistical significance for interocular asymmetry were the RNFL with a
mean right-left difference of -0.05um (P=0.01), the OPL+ONL with a mean right-left difference of
-0.29um (P=4.6x10"*), the PS with a mean right-left difference of -0.05um (P=4.4x10"'%), the RPE-
BM complex with a mean right-left difference of -0.04pm (P=1.2x10") and the CSI with a mean

right-left difference of -0.72um (P=8x107) (Supplementary Figure 1).

Univariate associations of retinal layer thicknesses with sex, smoking status, height, and weight are
shown in Supplementary Figure 2, and multivariate associations are provided in Supplementary
Table 2. As seen, all retinal layers tend to thin with age, except for the RPE+BM layer which tends to
thicken after approximately age 60 (Supplementary Figure 2), possibly related to the accumulation
of drusenoid deposits in the BM with age. Additionally, most layers tend to get thicker with increased
height while more variable directionality of univariate associations are seen with weight
(Supplementary Figure 2b). Additionally, more myopic eyes (i.e. more negative spherical
equivalent) tend to have thinner retinal layers across all layers except the RPE+BM and RNFL layers,
which are thicker both in univariate and multivariate models (Supplementary Figure 2b,
Supplementary Table 2). Smoking was associated with significant thinning of all layers in
multivariate models, except for the RPE+BM layer which showed no significant association with
smoking status (Supplementary Table 2). Finally, in multivariate models, male sex was associated
with thinner inner layers (GCC, RNFL, GCL) but thicker outer INL, OPL, PS, and RPE layers
(Supplementary Table 2). While only 1.3% of the individuals of genetically-determined white
British Ancestry included in our analyses did not self-identify as white, as seen in Supplementary
Table 2, self-reported ethnicity categories were associated with retinal layers thickness (GCC, GCL,
OPL, PS, RPE+BM, CSI), supporting inclusion as covariates in analysis. Expected univariate

associations were also detected between thinning of the GCC and associated layers (RNFL, GCL,
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IPL) and increased incidence of glaucoma, as well as between thinning of the PS layer and thickening
of the RPE+BM layer and increased incidence of age-related macular degeneration (AMD)

(Supplementary Figure 3).

OCT Layer phenome-wide association study (OCT-PheWAS)

We first associated retinal layer thicknesses on OCT with incident mortality and found that the
incidence of mortality over a 10 year follow up period was greatest among individuals with thinner PS
layers (HR 1.16, 95% CI 1.11-1.22, P=7.5x10""") and thinner GCC layers (HR 1.12, 95% CI 1.07-
1.18, P=1.1x10°) at baseline, after adjusting for age, age’, sex, height, weight, smoking status,
ethnicity and spherical equivalent (Figure 1b and 1c). PS thinning and GCC thinning are positively
correlated with incident mortality for participants stratified by age in decades as shown in
Supplementary Figure 4, highlighting the heightened risk of mortality within each age decile among
individuals with either thin (<2SD lower than the mean) PS or GCC layers. The associations between
retinal layer thinning and incident mortality are detailed for each layer in unadjusted and adjusted
analyses shown in Supplementary Figure 5. For both PS and GCC layer thinning, the significant
associations with incident mortality persist in the maximally adjusted models, adjusted for age, age?,
sex, height, weight, self-reported ethnicity, spherical equivalent, hemoglobin Alc (HbAlc), systolic
blood pressure, diastolic blood pressure, and incident coronary artery disease (Supplementary Figure

5).

OCT layer phenome-wide association was then conducted separately for retinal layer thicknesses
across 1,866 prevalent (Supplementary Table 3, Figure 2a) and incident (Supplementary Table 4,
Figure 2b) phenotypes (phecodes)(42) which combined ICD-9 and ICD-10 groupings, as well as
quantitative clinical traits and serological biomarkers (Supplementary Table 5, Figure 3). All
analyses were adjusted for age, age®, sex, height, weight, mean spherical equivalent, smoking status
and self-reported ethnicity. Significant associations were identified between retinal layer thinning and

both ocular and systemic conditions, as detailed below.
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Expected associations were seen for GCC thinning and prevalent and incident glaucoma, as well as
for PS thinning and incident macular degeneration (Figure 2). The strongest effect estimates was
observed for the association between each SD of RNFL thinning and prevalent primary open angle
glaucoma (POAG) (OR=4.20, P=1.6x10~, 95% CI 2.20-8.05) as well as incident POAG (HR=2.52,
P=3.0x10%*, 95% CI 2.11-3.03). Accordingly, each SD higher Goldmann-correlated intraocular
pressure (IOPg) was significantly associated with a thinner GCL layer of the retina (3=-0.05 SD,
P=8.1x10%*, 95% CI -0.15-0.05). Furthermore, each SD of thinner PS was also associated with

increased risk of incident macular degeneration (HR=1.39, P=1.3x10"°, 95% CI 1.26-1.54).

Thinner retinal layers were also significantly associated with higher odds of a range of prevalent and
incident cardiometabolic phenotypes and related conditions. Each 1 SD of retinal inner layers (GCC,
RNFL, GCL, IPL) as well as thinner PS was associated with higher odds of having a history of
hypertension and a greater risk of developing incident hypertension. The strongest risk of prevalent
essential hypertension was observed in participants with thinner PS (OR=1.18, P=7.2x10%*, 95% CI
1.15-1.22); concordant associations were also observed with systolic and diastolic blood pressures
(Supplementary Table 5). The largest effect size between thinner retinal layers and incident
hypertension was also observed with the PS layer (HR=1.09, P=5.9x10", 95% CI 1.06-1.12). Of all
retinal layers, thinning of the PS layer had the strongest and most significant associations with
prevalent (OR=1.18, P=1.2x10"", 95% CI 1.13-1.24) and incident (HR=1.10, P=2.0x10%, 95% CI
1.06-1.14) hypercholesterolemia. In keeping with these findings, a thinner PS layer also had the
strongest associations with prevalent hypertensive chronic kidney disease (OR=1.56, P=8.7x107, 95%
CI 1.25-1.96) and incident circulatory disease (HR=1.17, P=3.6x10"?, 95% CI 1.12-1.23), and was
significantly associated with other prevalent hypertensive complications (OR=2.80, P=7.9x107, 95%
CI 1.68-4.66). Additionally, each SD thinner PS layer was significantly associated with risk of future
circulatory conditions including myocardial infarction (HR 1.17, P=8.1x107, 95% CI 1.10-1.25),
nonhypertensive congestive heart failure (HR 1.25, P=4.9x107, 95% CI 1.12-1.39), cerebrovascular
disease (HR 1.15, P=1.9x107, 95% CI 1.08-1.23), peripheral vascular disease (HR 1.32, P=4.5x107,

95% CI 1.16-1.52), and abdominal aortic aneurysms (HR 1.47, P=6.4x10°, 95% CI 1.24-1.74). Other
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retinal layers where thinning was associated with increased risk of future circulatory disease included
GCC for aortic aneurysms and congestive heart failure, RNFL for hypertension, heart failure,
cerebrovascular disease, and paroxysmal supraventricular tachycardia, and CSI for ischemic heart

disease and hypertrophic cardiomyopathy.

A thinner PS layer was associated with higher odds of having a history of type 1 and type 2 diabetes,
and ophthalmic and neurological manifestations of diabetes, with the strongest effect estimates
observed for prevalent ophthalmic manifestations of type 1 diabetes (OR=2.93, P=1.3x10, 95% CI
1.81-4.75), and incident neurological manifestations of type 2 diabetes (HR=1.65, P=4.2x107°, 95% CI
1.30-2.10). Further associations with traits linked to metabolic disease were also detected, including
significant associations between thinner PS and elevated glycosylated hemoglobin (HBA1c¢) (B 0.05,
P=1.5x10"*95% CI 0.05 — 0.06), total body fat percentage (B 0.08, P=5.7x10", 95% CI 0.08 — 0.07),
serum triglyceride level (B 0.06, P=5.3x10"*!, 95% CI 0.07 — 0.05), and resting heart rate ( 0.10,
P=8.2x107"%, 95% CI 0.10 — 0.09). Conversely, a relatively thicker PS layer was correlated with
higher serum high-density lipoprotein (HDL) (B 0.11, P=5.0x10"", 95% CI 0.10 — 0.12) and

apolipoprotein A levels (B 0.10, P=9.4x10"'%", 95% CI 0.09 — 0.11).

Highly significant (P<5x10"®) associations among respiratory conditions were observed among
participants with thinning of the PS layer. A thinner PS was associated with higher odds of having a
history of asthma (OR=1.26, P=2.5x10%', 95% CI 1.20-1.33), chronic airway obstruction (OR=1.35,
P=4.5x10", 95% CI 1.22-1.49), and pneumonia (OR=1.30, P=3.5x10"® 95% CI 1.18-1.43). Thinner
PS was also associated with incident chronic airway obstruction (HR=1.31, P=2.9x10%, 95% CI 1.24
—1.38), pneumonia (HR=1.22, P=4.8x10"*, 95% CI 1.16 — 1.29), chronic bronchitis (HR=1.52,
P=5.5x10"",95% CI 1.38 — 1.67) and emphysema (HR=1.47, P=1.8x10""°, 95% CI 1.30 — 1.65).
Significant associations were also identified with quantitative pulmonary phenotypes, with relative PS
thinning associated with worse pulmonary function test performance, i.e. reduced forced expiratory

volume in the first second (FEV1) (B -0.05, P=7.5x10*, 95% CI -0.05 — -0.06) and forced vital

capacity (FVC) (B -0.05, P=1.2x10"*%, 95% CI -0.05— -0.06).
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A thinner retinal layer was also strongly associated with neurological conditions. Thinner GCC,
RNFL, GCL, and IPL layers were each independently associated with higher odds of having a history
of MS and epilepsy, as well as incident MS, with the strongest effect estimate observed for GCL

thinning and prevalent MS (OR=2.89, P=1.8x10%%, 95% CI 2.34-3.58).

Finally, significant associations were identified between thinner retinal layers and substance use
disorders. Thinner inner retinal layer (GCC, RNFL, GCL and IPL) and PS layer were independently
associated with a history of alcohol-related disorders, for example, a thinner RNFL was associated
with alcoholic liver damage (OR=1.98, P=3.3x10~, 95% CI 1.44-2.74). In keeping with this, a thinner
GCC layer was associated with higher serum hepatic enzyme levels, such as gamma-
glutamyltransferase (GGT) (B 0.04, P=8.4x10%°, 95% CI 0.03 — 0.05). A thinner inner retinal layer
was also associated with both a history of tobacco use disorder and incident tobacco use disorder, with
the strongest effect estimate for a thinner RNFL layer and prevalent tobacco use disorder (OR=1.18,

P=1.2x107, 95% CI 1.09-1.27).

Further conditional analyses of the photoreceptor segment prevalent disease and quantitative clinical
trait OCT-Phe WAS was performed adjusting for combined prevalent and incident T2DM, HbAlc (as
a finer marker of glycemic control), HTN, and a more detailed 25-factor smoking covariate as
previously used (50). We identified that after adjusting for smoking, diabetes, and HTN, initially the
conditions with strongest associations with photoreceptor segment thickness, continued significant
associations with thinner photoreceptor segments were present for pulmonary (asthma, chronic airway
obstruction or COPD), renal (renal dialysis, hypertensive chronic kidney disease, pyelonephritis), and
oncologic (chemotherapy and malignancies) phenotypes (Supplementary Figure 10a). Additionally,
adjustment for smoking, diabetes, and HTN, while attenuating the association for glycemic traits, did
not significantly change the other quantitative clinical trait associations (Supplementary Figure

10b), which still largely remain significant despite adjustment for these common comorbidities.

Common variant genome-wide association study and in silico analyses
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Genome-wide association of the 9 retinal layers identified 259 independent loci (Figure 4,
Supplementary Figure 11,12, Supplementary Table 6-7), of which 64 were shared between at least
2 layers. The layer thickness with the highest heritability was the OPL+ONL (h*=34.4%, 97
independent loci) followed by INL (h*=28.5%, 67 independent loci), IPL (h*=25.4%, 56 independent
loci, PS (h*=24.6%, 61 independent loci), RNFL (h*=23.3%, 43 independent loci), GCC (h*=23.1%,
38 independent loci), GCL (h*=21.9%, 40 independent loci), CSI (h*=16.8%, 18 independent loci),
and RPE+BM (h*=11.1%, 21 independent loci) (Figure 4b). Among the genome-wide significant
independent loci, the variants with strongest association (P<1x10~°) are highlighted in Figure 4c.
Notably, when searching these variants across the phenoscanner portal, 1s62075723-G (allele
frequency 36%), an intron variant in 7SPAN10 linked to the ACTG1 gene by PoPS, which is
associated with thickening of the GCL layer (beta=0.13 SD per A allele, P=3.93x10*) and thinning
of the PS layer (beta=-0.07 per A allele, P=9.53x10%"), is also associated with increased risk of AMD
(OR 1.12,95% CI: 1.09-1.16,P=2.5x10"""). Furthermore, rs17421627-G, a LINC00461 intron variant
linked to MEF2C by PoPS, which is associated with increased thickness of the INL layer (Beta
0.41SD, P=7.5x10"") has also been associated with a 3um increase in retinal vascular caliber
(P=7.0x10""°)(51). Moreover, the CFH, HTRA1/ARMS? loci previously linked to AMD were
significantly associated with PS, RPE+BM thickness. Similarly, top loci in glaucoma GWAS, THRB,
RARB, and ACOXL/BCL2L11, STOX2/WWC2 were significantly associated with inner retinal layer

thickness(352). Lastly loci related to cataract development: BMP3, OCA2, CASZ1, QKI, and HMGA?2,

were significantly associated with inner layer thickness(53).

Replication of the 259 independent genome-wide significant associations from the UK Biobank
analyses was performed using the LIFE-Adult-Study(46), a population of 6,313 individuals of central
European descent from Germany with OCT imaging and layer segmentation performed similarly to
the UK Biobank as well as genotyping (mean age 57.6 years (SD 12.5), with 3098 Males, 3215
Females)**** (Supplementary Table 8)(46, 54). Significant positive correlation (R>0.8) was

identified between the betas of independent genome-wide significant loci in the UK Biobank and
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those in the LIFE-Adult-Study replicating 154/234 (66%) of top independent UK Biobank variants
with nominal significance (P<0.05) across the top 8 layers of the retina (Supplementary Figure 16,

Supplementary Table 9-10).

To hypothesize possible genes implicated by each locus, we performed gene prioritization using PoPS
(Supplementary Table 11, Supplementary Figures 17-20). The top prioritized gene at the only
locus significantly associated with 8 retinal layers (all layers except CSI) was ACTG 1, with the top
variant being an intron variant in 7SPANI0: rs62075723-A, wherein individuals with the alternative A
allele (Allele frequency 64%) had thicker retinal layers. Four identified top genome-wide significant
loci were coding missense variants predicted to be damaging by PolyPhen(46, 55) and deleterious by
SIFT(56): 1) TRPM1:rs75638145-A which was significantly associated with thinning of the INL,
IPL, and GCL layers, 2) RD3L:rs35337422-C which was significantly associated with [PL and INL
thickening, 3) TYR: rs1126809-A which was significantly associated with thickening of specifically
the RPE, and 4) RAX2:rs76076446-A which was significantly associated with thinning of the OPL

layer (Supplementary Table 7,11).

After performing GWAS and implementing gene prioritization, we performed analyses to prioritize
the biological pathways and traits linked to the identified GWAS loci. We performed biological
pathway enrichment analyses, using the FUMA and EnrichR web browsers for genes with a PoPS z-
score>1. Prioritized genes were enriched for pathways linked to apoptosis and cell death, cellular
senescence (telomere maintenance, DNA damage checkpoints and repair, TP53 signaling), the innate
immune system (e.g. interleukin, C3/C5 signaling), angiogenesis (e.g. VEGF, NOTCH, WNT and
Hedgehog signaling pathways), melanin biosynthesis, and pathways related to neural processes (axon
and neuron growth, phototransduction, FGFR signaling) (Supplementary Figure 21-23). Genetic
correlation analysis was subsequently performed using GNOVA(57), using GWAS summary
statistics across multiple ocular and systemic diseases. Firstly, there was significant genetic

correlation identified between layers of the retina, most notably between the inner layers (GCC
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through INL), and also between the outer layers (OPL+ONL and PS, CSI and PS). Several significant
associations were also identified between inner and outer layer thicknesses, most notably between the
INL and OPL+ONL, and between RPE+BM and INL and GCC layers. Significant (P<0.01)
associations concordant with the phenotypic associations were identified for cardiovascular
phenotypes type 2 diabetes mellitus and coronary artery disease with PS thinning, elevated systolic
BP and HDL with CSI thickening, elevated TG with CSI thinning, and smoking and alcohol use with

thinning of the inner retinal layers, particularly the GCL and IPL (Figure 4d).

Polygenic Risk Score Phenome-wide Association Study (PRS-PheWAS)

Mendelian randomization uses human genetics for causal inference by leveraging the random
assortment of genetic variants during meiosis at conception, which diminishes susceptibility to
confounding or reverse causality(58). Here, polygenic risk score phenome-wide association study
(PRS-PheWAS) was performed to assess both the putative causal relationships between 1) systemic
phenotypes and retinal layer thicknesses, and 2) retinal layer thicknesses and systemic and ocular

disease.

First, additive polygenic risk scores (PRS) were created for each retinal layer thickness using
independent, genome-wide significant variants for each specific layer. The retinal layer thickness PRS
were strongly associated with their respective retinal layers in the UK Biobank (Supplementary Table
15a). Sensitivity analyses identified no significant association between the retinal layer thickness PRS
and possible environmental confounders (ex: socioeconomic status as indicated through Townsend
deprivation index, alcohol intake, diet, stress, exercise), suggesting further robustness of our retinal
OCT PRS to possible confounders (Supplementary Table 15b). Association of OCT layer thickness
PRS with ocular and systemic conditions were performed, adjusting for different covariates (Figure 5,
Supplementary Figure 24, Supplementary Table 14). Several consistent associations between
genetic and epidemiological retinal layer thicknesses and common ophthalmic conditions were

observed (Figure 5a,c, Supplementary Figure 25). Notably, several expected positive control
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associations were identified, namely: both epidemiological and genetic thinning of the PS layer were
associated with increased incidence and prevalence of AMD (Supplementary Figure 25). Moreover,
both epidemiological and genetic thinning of the RNFL layer were associated with increased
incidence and prevalence of Glaucoma (Supplementary Figure 25). A novel association was
identified between epidemiological and genetic thinning of the inner layers of the retina (RNFL, GCL,
IPL) and increased risk of incident and prevalent cataracts (Supplementary Figure 25). Several
significant, concordant associations were also identified between epidemiologic and genetic systemic
traits with retinal layer thickness (Figure 5a,b, Supplementary Figure 26, Supplementary Table
15-16). In particular, concordant genetic and epidemiological associations were identified between
several ocular measures and their effect on retinal layer thicknesses, including: 1) increased
intraocular pressure and thinning of the inner retinal layers (RNFL,GCL, IPL, INL), and 2) decreased
spherical equivalent (myopia) and thinning of all retinal layers except RPE+BM and RNFL layers
(Supplementary Figure 26). Furthermore, significant concordant genetic and epidemiological
associations were identified between cardiopulmonary factors (increased percent body fat, BMI, heart
rate, reduced performance on pulmonary function tests) and thinning of the PS. Furthermore, elevated
systolic blood pressure had significant genetic and epidemiological associations with thinning of the
inner retinal layers (GCC and RNFL) (Supplementary Figure 26). Other concordant significant
associations were also identified between quantitative genetic systemic phenotypes and their
respective epidemiological phenotypes with retinal layer thickness, including between reduced left
ventricular ejection fraction and thinning of the PS, and reduced kidney function (increased

creatinine) and thinning of the INL, PS, and CSI layers.

Rare variant association study

Lastly, rare variant association analysis was performed in order to analyze rare disruptive variants
grouped by gene to improve power of association of this class of variants not included in the
aforementioned genome-wide association analysis. 11 significant associations were identified, after
adjusting for age, age®, sex, spherical equivalent, genetic ancestry, and genotyping array (Figure 6a,

Supplementary Table 17). The strongest association identified was for carriers of rare IMPG?2
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deleterious variants who had on average 3um thinner PS layer (Beta -1.19 SD, P=1.13x10"’) (Figure
6b). Of note, IMPG?2 gene encodes for the interphotoreceptor matrix proteoglycan 2 protein known to
play a role in the organization of the interphotoreceptor matrix, defects of which are a cause of
retinitis pigmentosa type 56 and IMPG2-related maculopathy(59—61). This gene was also a
significant locus identified in the common variant genome-wide association analyses for PS thickness,

further highlighting its important role both across common and rare genomic variants, in PS thickness.
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Discussion

We present the findings of in-depth, unbiased phenome-wide and genome-wide assessments using
retinal OCT images from 44,823 individuals. We identified systemic and ocular phenotypes
associated with retinal layer thicknesses through phenome-wide analyses. Genome-wide association
of the 9 retinal layer thicknesses yielded 259 loci, and burden analyses of rare (allele frequency <1%)
disruptive coding alleles identified 11 genes influencing retinal layer thickness. Comparative
epidemiological and genetic associations identified multiple ocular and systemic traits linked to
retinal layer thinning, and also hypothesize retinal layers wherein thinning may predispose to common

ocular conditions. Together, these results permit several conclusions.

First, phenome-wide association analysis identified that retinal layer thicknesses measured on OCT
images are significantly linked to diverse conditions, providing new insights on the retina as a
biomarker for systemic disease risk and severity. In particular, thinner GCC and PS layers were both
associated with higher risk of incident mortality, independent of age, sex, blood pressure, HbAlc,
height, weight, and coronary artery disease. This suggests that retinal inner layer and PS thinning are
associated with mortality, overall health, and frailty among those with existing cardiometabolic
disease. To the best of our knowledge, our work represents the first discovered association between
retinal layer thinning and incident mortality. A recent paper describing predicted age derived from
retinal fundus images shows that the ‘retinal age gap’ (retinal age — chronological age) is strongly
correlated with all-cause mortality, thus implying the clinical significance of retinal age as a
biomarker of systemic health(62). We further explored the conditions contributing to incident
mortality through phenome-wide association, and observed significant associations between retinal
layer thinning and higher prevalence of, and separately higher risk for, ocular (glaucoma, AMD,
cataract), neuropsychiatric (MS, epilepsy, schizophrenia, mood disorders), cardiometabolic
(hypertension, diabetes, atherosclerosis, heart failure), and end-organ failure (renal failure, liver

cirrhosis, heart failure, respiratory failure). This suggests that retinal layer thinning may signify more
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widespread cardio-pulmonary-renal and neurologic disease, and may be used as an ophthalmic

biomarker for risk of future systemic conditions.

Second, we identify concordant epidemiological and genetic associations representing a likely causal
link between thinner layers and ocular conditions: thinner RNFL and thicker OPL+ONL with
glaucoma, thinner RNFL and GCL with cataracts, and thinner PS with AMD. Of note, prior work in
the UK Biobank has shown that a genetic risk score for GCC thickness is not associated with
glaucoma, concordant with our findings(63). Here, we show that further differentiation of the layers
making up the GCC identifies epidemiologic and genetic thinning of the RNFL layer as being
specifically associated with glaucoma development. While the role of OPL+ONL thickening in
glaucoma progression is unclear, it is possible that it is a compensatory response to RNFL thinning in
glaucoma development. Furthermore, PS thinning precedes AMD diagnosis by decades
epidemiologically, with individuals genetically predisposed to PS thinning having increased risk of
AMD compared to others. This has been further detailed in our prior work(64), where we also show
an AMD polygenic risk score to be associated with PS thinning, suggesting a bidirectional
relationship between PS thinning and AMD. Lastly, the link between a thinner RNFL and GCL and
cataract development is new and has not been previously described. Further understanding of the roles
of the retinal inner layer health on the health of the vitreous fluid and lens may further enable

understanding of this association.

Third, our study highlights the link between cardiometabolic, pulmonary, and renal conditions with a
thinner PS layer. We show consistent epidemiological and genetic associations, suggestive of causal
associations, linking poor cardiac, metabolic, pulmonary, and renal function with thinner PS. Firstly,
polygenic risk score analyses identified that individuals born with genetically elevated risk for
elevated cardiovascular (heart rate, blood pressure, left ventricular ejection fraction), metabolic (BMI,
percent body fat), pulmonary (lower FEV1), and renal (creatinine) phenotypes have thinner

photoreceptor segment layer (as measured at the baseline UKBB visit). Secondly, we have shown that

26


https://doi.org/10.1101/2023.05.16.23290063
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2023.05.16.23290063; this version posted May 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

phenotypically, individuals with a history of cardiometabolic, renal, and pulmonary disease have
thinner retinal photoreceptor segment layers on imaging at their baseline UKBB assessment as seen in
the prevalent disease analysis. Thirdly, cross-sectionally individuals with higher cardiovascular (heart
rate, blood pressure, left ventricular ejection fraction), metabolic (BMI, percent body fat), pulmonary
(FEV1), and renal (creatinine) phenotypes have thinner photoreceptor segment layers as well (all as
measured at the baseline UK Biobank visit). The incident analyses also corroborated these findings
showing that a thinner photoreceptor segment layer is associated with future incident cardiometabolic,
renal, and pulmonary disease, suggesting that individuals with thinner photoreceptor segment layers
already have some existing undiagnosed pre-clinical cardiometabolic or pulmonary disease (ex: pre-
diabetes, metabolic disease) which makes them at higher risk for becoming diagnosed with incident
disease. Overall, our study provides evidence in support of the association between cardiopulmonary
and renal disease and photoreceptor layer thickness which have the potential to augment existing
clinical risk prediction methods. This information may also be used towards prevention in individuals
at risk for photoreceptor degeneration, such as those at risk for macular degeneration. Further studies
are needed to determine whether improved cardiometabolic, pulmonary, and renal status — ex: via
changes in lifestyle, diet, environment, or use of risk-lowering medications, may dampen the rate of

PS thinning with age.

From a cardiometabolic perspective, while a large body of evidence supports the value of retinal
microvasculature metrics from fundus photography (27, 30, 71—73) in determining cardiometabolic
risk, few publications examine the associations between different layers from retinal OCT data and
cardiovascular events and/or risk factors. A recent study in a small cohort identified that subretinal
drusenoid deposits, one of the pathways to advanced AMD, are associated with cardiovascular disease
and stroke(74). Several other studies have similarly identified associations between AMD and risk of
heart failure(75) and cardiometabolic disease(76). Moreover, the limited number of small studies on

the association between OCT parameters and cardiovascular disease report contradictory results. For

example, one prospective case-control study found no differences in chorioretinal thickness
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measurements between patients with hypertension and matched controls(65). However, subsequent
studies have shown choroidal thinning(77, 78) and retinal thinning in hypertensive subjects(78, 79).
A more recent study concludes that increased subfoveal choroidal thickness was associated with
hypertensive retinopathy but not the presence of systemic hypertension in the absence of ocular
manifestations(80). In our study, we clearly show consistent epidemiologic and genetic relationship
between hypotension and choroidal thinning. Overall, the reported associations between OCT
parameters and hypertension are conflicting and interpreting the results together is hindered by varied
cohort demographics, the use of different imaging devices, and inconsistently reported comorbidities
and medication use. Given the limitations of the small studies published to date and the inconsistency
of reported results, our study in a large population cohort represents meaningful progress in
establishing the significance of OCT-derived thickness measurements in relation to cardiovascular

risk factors and disease.

Moreover, from a renal perspective, we identify a new and significant genetic and epidemiologic
association between poor renal function and a thinner PS layer. Retinal thinning in the context of
early CKD is supported by previous work demonstrating that patients with non-diabetic predialysis
CKD have approximately 5% retinal thinning compared to both healthy matched controls and patients
with hypertension(65). Further small clinical OCT studies corroborate the finding of retinal and
choroidal thinning in patients on hemodialysis(66—69). The eye and kidney are homologous
developmentally and structurally, with shared microcirculatory characteristics and basement
membrane constituents(7()), which provides rationale for the utility of ocular imaging in signalling

renal pathology.

Fourth, a significant likely causal link between poor pulmonary function and thinner RNFL as well as
PS layers was identified. Having a history of asthma, chronic airway obstruction, and pneumonia was
associated with a thinner PS layer, which was also associated with incident chronic airway

obstruction, pneumonia, chronic bronchitis, and emphysema. In keeping with these findings,
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significant associations were also observed with quantitative pulmonary phenotypes, with poor
performance on pulmonary function tests (i.e. lower FEV1 and FVC) being associated with thinner
RNFL and PS layers. Corroboratory genetic evidence for this was also observed, with genetic
predisposition to lower FEV1 and FVC being associated with thinner RNFL and PS layers. Thinning

of the RNFL and choroid have been associated with COPD in a number of cross-sectional studies(§/—

85). OCT studies in the context of infectious pneumonia are few in number and mostly relate to
SARS-CoV-2 (COVID-19), which is variably reported to be associated with reduced macular
thickness and RNFL thinning(86), as well as increased RNFL and GCC thickness compared to
controls(87). A further similar study showed no significant OCT changes in patients diagnosed with
COVID-19(88), and several authors urge caution in the interpretation of OCT findings that may
represent variants of normal or imaging artefact(89, 90). In the presence of non-infectious idiopathic
interstitial pneumonia, a single paper demonstrates significant RNFL thinning(9/). The relative
paucity and, in some cases, contradictory nature of publications in this field emphasizes the need for
ongoing appropriately powered studies to find evidence for the clinical utility of retinal imaging in the
context of respiratory disease. Here, we clearly show evidence that both epidemiologically and
genetically lower FEV1 and FVC are associated with thinning of the RNFL and PS layers, and
provide further evidence from phenome-wide association across prevalent and incident traits which

further substantiates the link between RNFL and PS thinning and poor pulmonary function.

Fifth, our phenome-wide association analyses highlight the utility of retinal OCT imaging for risk
prediction of future neurological conditions. Ocular imaging is intuitively relevant for examining
axonal degeneration as unmyelinated axons that synapse directly within the CNS lie in the RNFL.
Indeed, our results demonstrate that thinning of the inner retinal layers (GCC, RNFL, GCL, and IPL)
were each independently associated with higher odds of having a history of multiple sclerosis and
epilepsy, as well as risk of future multiple sclerosis. Pathological inner retinal changes have
previously been linked with a range of neurodegenerative diseases, and retinal OCT measurements

thus provide potential surrogate markers of disease states. Many previous studies also demonstrate
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RNFL and GCL thinning in patients with multiple sclerosis, both with and without a history of optic
neuritis(92, 93). Similarly, the association between inner retinal thinning and epilepsy has also been
corroborated in previous small studies(94, 95). Retinal OCT assessment has the potential to
determine the presence and severity of atrophic cerebral changes previously only diagnosed and
monitored using magnetic resonance imaging (MRI) brain scanning(96). OCT offers significant
advantages over MRI in terms of availability, patient acceptability, clinical resource allocation, and
the capability to precisely quantify neuronal tissue loss. Importantly, retinal OCT, in addition to
known clinical and imaging factors, may facilitate the diagnosis of multiple sclerosis earlier than
reliance on MRI alone(96), and may allow more patients to benefit from reduced secondary disability

and improved life expectancy with the timely initiation of disease-modifying treatments(97).

Sixth, among substance use conditions, our results also show significant independent associations
between PS and inner retinal layer thinning (GCC, RNFL, GCL and IPL) and a history of alcohol-
related disorders and relevant traits, including alcoholic liver damage and increased serum hepatic
enzyme levels, for example, GGT. Retinal layer thinning was also associated with both a history of
tobacco use disorder and incident tobacco use disorder, with the strongest effect estimate observed for
RNFL thinning and prevalent tobacco use disorder. Several studies of limited sample size
unanimously conclude that alcohol use is significantly associated with reduced retinal thickness(98—
100). A recent meta-analysis found no significant differences in overall retinal and choroidal
thicknesses between tobacco smokers and non-smokers, but found that smoking was associated with a
thinner RNFL and GCL(701). Retinal OCT imaging may, therefore, be valuable in corroborating the
presence and chronicity of tobacco and alcohol misuse, and may potentially provide information on

adherence to recommended cessation if supported by longitudinal studies.

Seventh, genome-wide association of retinal layer thicknesses yielded 259 loci, enriched in pathways
linked to apoptosis and cell death, cellular senescence (telomer maintenance, DNA damage

checkpoints and repair, TP53 signaling), the innate immune system (e.g. interleukin, C3/C5
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signaling), angiogenesis (e.g. VEGF, NOTCH, WNT and Hedgehog signaling pathways), melanin
biosynthesis, and pathways related to neural processes (axon and neuron growth, phototransduction,
FGFR signalling). We have developed a user-interface for all of the retinal layer thickness GWAS
data and further downstream analyses that other users may do on a webplatform called the "Ocular
knowledge portal" detailed here:

https://ocular.hugeamp.org/dinspector.html?dataset=Z7ckavat2021 RetinalLayerThickness EU.
Moreover, burden analyses of rare (allele frequency <1%) disruptive coding alleles identified 11
influential genes. Furthermore, genetic correlations were observed between retinal layer thinning and
systemic traits including diabetes, coronary artery disease, hypertension, hyperlipidemia and
neuropsychiatric traits. Further dissection of the identified genetic loci, and overlap with single-cell
RNA sequencing across different disease states will enable confirmation of layer-specific transcripts
and proteins contributing towards retinal layer thickness in different conditions. Together, genetic loci
linked to retinal layer thicknesses may enable better understanding of mechanistic pathways linked to
ocular conditions. For example, multiple loci linked to glaucoma, AMD, and cataracts are present
among the retinal layer thickness GWAS analyses. The CFH, HTRA1/ARMS?2 loci previously linked
to AMD were significantly associated with PS, RPE+BM thickness. Similarly, top loci in glaucoma
GWAS, THRB, RARB, and ACOXL/BCL2L11, STOX2/WWC2 were significantly associated with
retinal inner layer thickness(52). Lastly loci related to cataract development, BMP3, OCA2, CASZI,
OKI, and HMGA2, were significantly associated with inner layer thickness(53). Thus, knowledge of
overlaps between retinal layer thickness GWAS and ocular GWAS may lead to insights on
pathophysiology of these genetic loci on ocular conditions. Similarly, knowledge of other biological
pathways also linked to retinal layer thickness may lead to potential therapeutic targets for ocular

pathologies.

Overall, our study aligns well with the shared aims of a number of longitudinal studies internationally;

to identify biomarkers that allow risk stratification and provide surrogate end points to enable novel

means of disease surveillance as well as catalyze the discovery of new treatments. The strengths of
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our study include the large sample size, standardized data collection protocols, data validity, and
statistical adjustment for many confounding factors in our models. However, we acknowledge that our
study is limited by the sole use of UK Biobank data derived from voluntary participants, including a
limited ethnic diversity among a cohort of European ancestry. As more diverse cohorts become
available with retinal imaging and genomics data, it will become imperative to incorporate them into
similar analyses to enable discovery more broadly applicable across different ancestries. Furthermore,
we note that UK Biobank is known to be a healthier sample compared to the general population(702);
while this may influence the baseline statistics of retinal layer thicknesses compared to the general
population, it is unlikely to affect exposure-disease relationships which are more generalizable. The
presence of external validation of our results using the LIFE-Adult-Study provides further confidence
in our association analyses. However, despite adjustment for known confounding factors, it is not

possible to exclude the presence of residual, unknown and/or unmeasured confounders.

For many conditions, currently used clinical methods are lacking with respect to risk stratification and
there is a pressing need to define novel means of identifying at-risk patients, specifically before the
onset of potentially irreversible end-organ damage. To help fulfil this unmet need, our results add to
existing evidence to support the use of retinal OCT imaging parameters as biomarkers for systemic
and ocular diseases. Future research is warranted to determine and quantify the value of retinal OCT
measurements used independently or in combination with existing risk assessment methods.
Furthermore, our study highlights how retinal imaging may be integrated with electronic health
records, genomic data, and other biomarkers to advance our understanding of disease mechanisms and

help inform risk prediction and risk modification strategies.
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Figure 1: Study schematic and retinal layer thickness measurements. a. Here, we first quantified the thickness of 9 retinal
layers across all individuals with retinal OCT imaging data available in the UK Biobank (N=44,823). We then used these
measurements to perform phenome- and genome-wide association analyses to identify what phenotypes are associated with
the different layers of the retina, and what genetic variants influence these layers. Measured thickness of the retinal layers in
microns is provided. b. Relationship of normalized retinal layer thickness with age stratified by incident mortality (1,746
cases, 39,188 controls) across a median 10-year follow-up period. c. Association of retinal layer thinning with incident

mortality, adjusted for age, agez, sex, height, weight, ethnicity, and spherical equivalent. ILM = Internal limiting membrane,

NFL = nerve fiber layer, GCC = ganglion cell complex or RNFL+GCL+IPL, GCL = ganglion cell layer, IPL = inner

plexiform layer, INL = inner nuclear layer, ELM = external limiting membrane, EZ = ellipsoid zone, also known as
photoreceptor inner segment/outer segment junction, RPE = retinal pigment epithelium, BM = Bruch’s membrane, CSI =

choroid-sclera interface, RNFL = retinal nerve fiber layer, OPL+ONL = outer plexiform layer and outer nuclear layer, PS =
photoreceptor segment, RPE+BM = retinal pigment epithelium and Bruch’s membrane complex.

34

1.1e-06
0.00037
5.4e-06
5.1e-06
0.64
0.19
7.5e-10
0.027
0.53



a.  c----
1
1
1

Cardiovascular

Digestive

Endocrine/Metabo

*
*
*
*x
*x
*x
*x
*x
*x I
*x
*x
*x
*x

*
*

*
*

*
3

.
@
f=

=
=1
o

E=
c
[}

O

)
£
9]
T
[sTy
<
o
o
2
<)
o

*
*

*
*

Onc

*x

OB Neur

Respirato

Symptom

o)

Lo

X
s &

*
*

A
LU NP

Prevalent Conditions |

Hypertension

Essential_hypertension
Atrial_fibrillation_and_flutter
Ischemic_Heart_Disease
Cardiac_dysrhythmias
Nonspecific_chest_pain

Angina_pectoris
Peripheral_vascular_disease
Hypertensive_chronic_kidney_disease
Other_disorders_of_circulatory_system
Hypertensive_heart_and_or_renal_disease
Circulatory_disease_NEC
Coronary_atherosclerosis
Other_specified_gastritis
Peptic_ulcer_excl_esophageal
Gastritis_and_duodenitis
Gastrointestinal_hemorrhage

Duodenitis

Noninfectious_gastroenteritis
Esophagitis_GERD_and_related_diseases
Diseases_of_esophagus
Hypercholesterolemia

Hyperlipidemia
Disorders_of_lipoid_metabolism
Diabetes_mellitus

Type_2_diabetes
Disorders_of_fluid_electrolyte_and_acid_base_balance
Type_1_diabetes
Type_2_diabetes_with_ophthalmic_manifestations
Electrolyte_imbalance
Disorders_of_calcium_phosphorus_metabolism
Disorders_of_mineral_metabolism
Diabetic_retinopathy

Renal_failure

Urinary_tract_infection

Renal_failure_NOS
Chronic_renal_failure_CKD_
Kidney_replaced_by_transpant
Pyelonephritis

Renal_dialysis
Decreased_white_blood_cell_count
Neutropenia

Other_anemias

Bacterial_infection_NOS
Allergy_adverse_effect_of_penicillin
Poisoning_by_antibiotics
Poisoning_by_analgesics_antipyretics_and_antirheumatics
Alcohol_related_disorders

Alcoholism

Alcoholic_liver_damage
Neurological_disorders
Tobacco_use_disorder

Mood_disorders
Schizophrenia_and_other_psychotic_disorders
Schizophrenia

Osteoarthritis_localized

Osteoarthrosis
Neoplasm_of_uncertain_behavior
Chemotherapy
Secondary_malignant_neoplasm
Secondary_malignancy_of_bone
Cancer_suspected_or_other
Multiple_sclerosis
Epilepsy_recurrent_seizures_convulsions
Other_cerebral_degenerations
Cerebral_degeneration_unspecified
Convulsions

Antepartum_hemorrhage_abruptio_placentae_and_placenta_previa

Respiratory_arrest
Other_diseases_of_respiratory_system_NEC

Other_diseases_of_respiratory_system_not_elsewhere_classified

Asthma

Shortness_of_breath
Chronic_airway_obstruction
Pleurisy_pleural_effusion
Pneumonia
Bacterial_pneumonia
Emphysema
Pneumococcal_pneumonia
Glaucoma
Open_angle_glaucoma
Primary_open_angle_glaucoma
Retinal_detachments_and_defects
Cataract

Nausea_and_vomiting
Back_pain

Thickening Thinning

Z-score
Beta (SD thinning/disease) / SE

Cardiovascular

Der

Digestive

Neu On OrthoPsvchologic

Respiratory

Symptom  Ocular

Qv A Qv 62,
EPETF

* * *x
* *xk
*
*
*x
*x
*x
*x
*x
*x
P *
ok wk %
* ke
PR
* PR
PO *hk
*x
o
PO
* *x

X

o X
&

*x

* %
*x

* ko
* %
*

=
-
-
-
&
=
a——
pos
.
o
-
w
w
-
wx
" PP )
o
- -
=
-
R 2er e

N\
@o%

Hypertension

Essential_hypertension
Congestive_heart_failure_nonhypertensive
Late_effects_of_cerebrovascular_disease
Heart_valve_disorders
Other_disorders_of_circulatory_system
Circulatory_disease_NEC
Other_chronic_ischemic_heart_disease_unspecified
Nonrheumatic_mitral_valve_disorders
Hypotension
Congestive_heart_failure_CHF_NOS
Heart_failure_NOS
Peripheral_vascular_disease_unspecified
Ischemic_Heart_Disease
Cerebrovascular_disease
Nonspecific_chest_pain
Hypotension_NOS

Aortic_aneurysm

Myocardial_infarction

Other_aneurysm
Abdominal_aortic_aneurysm
Paroxysmal_ventricular_tachycardia
Cellulitis_and_abscess_of_arm_hand
Cellulitis_and_abscess_of_foot_toe
Cellulitis_and_abscess_of_leg_except_foot
Cholelithiasis
Abnormal_results_of_function_study_of_liver
Gastritis_and_duodenitis
Chronic_liver_disease_and_cirrhosis
Cholelithiasis_and_cholecystitis
Other_chronic_nonalcoholic_liver_disease
Diverticulosis
Diverticulosis_and_diverticulitis
Esophagitis_GERD_and_related_diseases
Diseases_of_esophagus
Cirrhosis_of_liver_without_mention_of_alcohol

GERD

Appendicitis
Type_2_diabetes_with_neurological_manifestations
Type_2_diabetes

Diabetes_mellitus

Disorders_of_parathyroid_gland
Disorders_of_mineral_metabolism
Disorders_of_fluid_electrolyte_and_acid_base_balance
Electrolyte_imbalance
Gout_and_other_crystal_arthropathies
Polyneuropathy_in_diabetes

Hypothyroidism

Acid_base_balance_disorder

Acidosis

Gout
Disorders_of_calcium_phosphorus_metabolism
Type_1_diabetes_with_neurological_manifestations
Type_2_diabetes_with_ophthalmic_manifestations
Diabetic_retinopathy

Hypercholesterolemia

Hyperlipidemia

Fluid_overload

Disorders_of_lipoid_metabolism

Vitamin_deficiency
Other_symptoms_disorders_or_the_urinary_system
Urinary_tract_infection

Urinary_incontinence

Acute_renal_failure

Other_disorders_of_bladder

Renal_failure

Cyst_of_kidney_acquired
Inflammatory_diseases_of_female_pelvic_organs
Vaginitis_and_vulvovaginitis
Chronic_renal_failure_CKD_
Other_disorders_of_the_kidney_and_ureters
Bacterial_infection_NOS

Staphylococcus_infections
Poisoning_by_antibiotics

Alcohol_related_disorders

Delirium_dementia_and_amnestic_and_other_cognitive_disorders

Alcoholism

Other_mental_disorder
Schizophrenia_and_other_psychotic_disorders
Tobacco_use_disorder

Schizophrenia

Rheumatoid_arthritis_and_other_inflammatory_polyarthropathies

Rheumatoid_arthritis
Osteoporosis_osteopenia_and_pathological_fracture
Osteoporosis

Osteoporosis_NOS
Cancer_within_the_respiratory_system
Cancer_of_bronchus_lung
Multiple_sclerosis

Hemiplegia

Epilepsy

Generalized_convulsive_epilepsy
Other_diseases_of_respiratory_system_NEC

Olher,_diseases,of,resplralory,system:not,elsewhere,classified

Chronic_airway_obstruction
Pleurisy_pleural_effusion
Pneumococcal_pneumonia
Bacterial_pneumonia
Obstructive_chronic_bronchitis
Pneumonia

Emphysema

Chronic_bronchitis

Asthma

Respiratory_insufficiency
Abnormal_findings_examination_of_lungs
Respiratory_failure_insufficiency_arrest
Respiratory_failure

Glaucoma

Open_angle_glaucoma
Primary_open_angle_glaucoma

Cataract

Visual_disturbances

Senile_cataract
Subjective_visual_disturbances
Other_disorders_of_eye
Other_retinal_disorders
Disorders_of_vitreous_body
Degeneration_of_macula_and_posterior_pole_of_retina
Macular_degeneration_senile_of_retina_NOS
Back_pain

Nausea_and_vomiting

Abdominal_pain

Thickening Thinning

-10 -5 0 5 10

Z-score

Beta (HR disease / SD thinning) / SE

Figure 2: Phenome-wide association study of retinal layer thickness with prevalent and incident disease. a. Association of
prevalent disease (i.e., disease present at time of retinal imaging) with retinal layer thinning in logistic regression models. b.
Association of retinal layer thickness with incident disease (i.c., disease that developed after retinal imaging during follow-

up), in Cox Proportional hazard models. All analyses are adjusted for age, agez, sex, height, weight, ethnicity, and spherical
equivalent. Across both panels, phenotypes with at least one layer having false discovery rate (FDR)<0.01 were included in
the plots. Within cells, association strength is denoted as such: ***FDR<1x10-4, **1x10-4<FDR<0.01, *0.01<FDR<0.05.
The color reflects the z-score (or beta in units of SD thinning/standard error) for association, where red reflects layer thinning
and blue reflects thickening. Full results are available in Supplementary Tables 3,4. GCC = ganglion cell complex or
RNFL+GCLAIPL, RNFL = retinal nerve fiber layer, GCL = ganglion cell layer, IPL = inner plexiform layer, INL = inner
nuclear layer, OPL+ONL = outer plexiform layer and outer nuclear layer, PS = photoreceptor segment, RPE+BM = refinal
pigment epithelium and Bruch’s membrane complex, CSI = choroid layer.
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Figure 3: Phenome-wide association
study of quantitative clinical traits with
retinal layer thinning. Association of
quantitative a. clinical and b. ocular
traits acquired at time of imaging with
retinal layer thinning in linear
regression models. All analyses are
adjusted for age, agez, sex, height,
weight, ethnicity, and spherical
equivalent. Across both panels,
phenotypes with at least one layer
having false discovery rate (FDR)<0.01
were included in the plots. Within cells,
association strength is denoted as such:
***FDR<1x10-4, **1x10-
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color reflects the z-score (or beta in
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where red reflects layer thinning and
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