
This electronic thesis or dissertation has been 

downloaded from the King’s Research Portal at 

https://kclpure.kcl.ac.uk/portal/  

Take down policy 

If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing 

details, and we will remove access to the work immediately and investigate your claim. 

END USER LICENCE AGREEMENT 

Unless another licence is stated on the immediately following page this work is licensed 

under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 

licence. https://creativecommons.org/licenses/by-nc-nd/4.0/ 

You are free to copy, distribute and transmit the work

Under the following conditions: 

 Attribution: You must attribute the work in the manner specified by the author (but not in any
way that suggests that they endorse you or your use of the work).

 Non Commercial: You may not use this work for commercial purposes.

 No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings and 

other rights are in no way affected by the above. 

The copyright of this thesis rests with the author and no quotation from it or information derived from it 

may be published without proper acknowledgement. 

Exploration of genetic and iatrogenic risk factors associated with refractive error and
myopia

Patasova, Karina

Awarding institution:
King's College London

Download date: 29. Dec. 2024



 

 

 

 

Exploration of genetic and 

iatrogenic risk factors associated 

with refractive error and myopia 

Karina Patasova 

Thesis submitted to the University of London in fulfilment of the 

requirements for the degree of Doctor of Philosophy 

November 2021 

Department of Ophthalmology  

and 

Department of Twin Research & Genetic Epidemiology 

King’s College London



 

 2 

Declaration  

I, Karina Patasova declare that the publications presented in this thesis are my own. 

When information was obtained from other sources, I provide the references of the 

original material in the thesis. 

Karina Patasova 

November 17, 2021 

  



 

 3 

Abstract  

Refractive errors, and especially myopia, are one of the leading causes of preventable 

visual impairment and blindness worldwide. The prevalence of myopia has increased 

significantly over the last three decades and is projected to affect 50% of the global 

population by 2050 (1). Even though previous work identified several risk factors, the 

pathophysiology of refractive errors is not yet fully understood. My work, presented as 

a thesis incorporating publications, examines associations between genetic and 

environmental factors and the population’s refractive error and myopia.  

The molecular mechanisms underlying refractive development were examined in the 

functional analyses incorporating the results of a meta-analysis of refractive error 

genome-wide association studies (GWAS) in Europeans. The results of post-GWAS 

analyses suggested that refractive error was a genetically heterogeneous trait, driven by 

genes involved in the development of all the different structures of the eye. Genetic 

factors associated with myopia are associated with neurodevelopment, ion trafficking 

that regulates cell polarity, but also control circadian rhythm, and are involved in 

melanin pigmentation and maintenance of intraocular pressure. The loci identified in 

the meta-analysis currently explain approximately 20% of refractive error heritability 

and polygenic models that were created as part of this thesis were able to predict 

myopia with considerable accuracy among Europeans as well as Singaporean Asian 

populations. In Europeans, identified variants predicted myopia with the area under the 

curve (AUC) of 0.74-0.75, while in Singaporean adolescent children prediction model 

incorporating associated SNPs and time outdoors showed AUC values of 0.59 and 0.72 

for high and moderate myopia, respectively. 

These GWAS common variant findings should not disguise the importance of rare 

variants that influence myopia as other complex traits. This thesis describes how for the 

first time rare variants in several distinct loci were associated with refractive error in the 

general population. Through my work, I identified rare variant associations in eight loci 
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of which five were novel. The two most significant associations were identified for a 

gene encoding a transcription factor critical to the eye, retina and optic disc 

development and morphology (SIX6), and a novel candidate regulating photoreceptor 

specification and expression of many retinal genes (CRX). Other candidates were 

implicated in neurogenesis and neural signalling and were reported as associated with 

major psychiatric disorders. 

Although GWAS and rare variant gene-based association analyses advanced the 

understanding of the molecular mechanisms behind lifelong risk to diseases of 

refraction, they contributed relatively a modest amount of knowledge to the 

understanding of the age-related specifics of refractive error genes. The age of refractive 

correction is one of the indicators of myopia progression and associated with the degree 

of refractive error in adulthood. In this thesis, I describe the largest scale genome-wide 

time-to-event analyses of self-reported age of first spectacle wear, performed on a sub-

sample of UK Biobank participants of European descent. Although the self-reported age 

of refractive correction was strongly genetically correlated with refractive error, my 

work identified six loci that were novel and previously not described in relationship to 

refractive error, as well as showed good replication for many other, previously known 

loci. My results indicate that the effects of gene loci over phenotypic traits were not 

necessarily linear. These analyses demonstrated that, despite a trend for genes with 

higher effects to cause correction during early childhood years, there was considerable 

variation in the times when genes exerted maximal effects, which was not always 

proportional to the magnitude of their effect over refractive error. 

Refractive errors arise from a mixture of gene effects and environment, while the first is 

constant and the latter has been changing and driving increasing prevalence rates of 

myopia. Several relatively well-studied socio-economic and cultural factors have been 

implicated in refractive error and the changes of their prevalence throughout the past 

seven decades. However, the structure of morbidity and medication has also changed 

considerably during the same time frame, in parallel to the same cultural and societal 
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changes. The relationship between refractive errors and pharmacological treatments 

has been understudied. In this thesis, I describe the observations of the association 

between refractive error and medication-taking in a large population-based cohort. The 

most significant associations were found for 18 distinct pharmacological agents. 

Participants who reported taking anti-glaucoma preparations exhibited more negative, 

myopic refractive error compared to subjects who were not taking these medications, 

potentially due to the relationship between elevated intraocular pressure and myopic 

refraction. Interestingly, the group that was using pain control medications displayed a 

tendency towards a positive, more hypermetropic refractive error. Causal inference 

models show that multisite chronic pain, often associated with pain control medications 

may be at the origin of this relationship with refractive error. 

The work presented in this thesis identified several novel factors associated with 

refractive error. The results described in this thesis, may enable the prediction of 

individual risk to refractive error and facilitate the development of optimised strategies 

for myopia prevention and treatment. 
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1.1 Overview  

Refractive errors, and especially myopia, are one of the common ocular disorders and a 

leading cause of preventable blindness worldwide. Myopia is not only associated with 

complications that lead to visual impairment and potentially loss of sight but also 

contributes to reduced quality of life and significant economic and social burden. Both 

genetic and environmental factors play a role in myopia development. However, despite 

extensive genetic and epidemiological research, exact biological processes that lead to 

disease development and progression remain elusive. 

In this chapter, I will discuss what refractive errors and myopia are, provide an overview 

of the current epidemiology and disease aetiology, including the findings of 

observational as well as twin and genome-wide association studies (GWAS), and explain 

how their results advance our understanding of refractive error and myopia. Lastly, I will 

report on potential complications that arise even after refractive correction and the 

economic and social costs associated with refractive error. 

1.2 Eye anatomy  

The human eye has a complex anatomy and consists of multiple structures that can be 

described as individual elements of three distinct parts (2) (Figure 1). The outer region 

includes the cornea and sclera, connecting at the limbus. The cornea reflects and 

transmits light to the lens and retina, but also protects the deeper layers from infection 

and structural damage. The sclera creates a protective coat of connective tissue and 

helps to maintain the shape of the ocular globe. The visible part of the sclera is protected 

by a transparent mucous membrane, the conjunctiva. The middle region of the eye is 

comprised of the iris, the ciliary body and the choroid. The iris and ciliary body control 

the amount of light that reaches the retinal plane with the lens regulating the size of the 

pupil and the ciliary body determining the power and shape of the lens (2). With 

constriction of ciliary muscles, the lens which is placed between the iris and the vitreous 
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chamber, assumes a more spherical shape, resulting in increased optical power which 

brings near objects into focus. Conversely, when ciliary muscles relax, the lens flattens 

which helps to bring more distant objects into view (3). The choroid is a middle vascular 

layer in the wall of the eye which supplies nutrients and oxygen to the outer layers of 

the retina. The retina is the inner layer that covers two-thirds of the ocular globe. The 

concentration of retinal cells increases from the periphery to the central part of the 

retina recognisable by the macula containing the cone-enriched fovea (2). Two major 

types of cells, neurons and glial cells form the retinal tissue (4). The retina is responsible 

for the phototransduction cascade and relays electrical signals to the brain. Retinal 

neurons can be grouped into subclasses based on their function. In particular, 

photoreceptors, namely cones and rods, bipolar and ganglion cells transmit electrical 

signals vertically, while horizontal cells, including amacrine and interplexiform cells, 

modulate the impulse transmission (4). 
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Figure 1 Sagittal section of the human eye. Adapted from Mohlin et al. "The link between morphology and complement in ocular disease" (2). 
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1.3 Definition and natural history of myopia 

Refractive errors, including myopia, can be defined as the optical power of the lens 

required to overcome optical defocus and direct the light onto the retina (5) The degree 

of defocus is estimated by calculating spherical equivalent measured in dioptres (D), 

defined as the sum of the sphere power and half of the cylinder power. Spherical 

equivalent is commonly used to estimate the degree of farsightedness (hypermetropia) 

and near-sightedness (or myopia) and describe their severity (6). 

The amount and degree of refractive error are determined by the optical power of the 

lens and cornea as well as the axial length of the eyeball (7). Axial myopia occurs when 

the excessive eye globe elongation causes the image of a viewed object to project in 

front of the retina (7) (Figure 2). Refractive or index myopias emerge as a consequence 

of lens and cornea changes rather than abnormal ocular growth. In the cornea, these 

changes involve progressive thinning and bulging of the tissue, as seen in keratoconus 

(8). Comparably, alterations in the refractive index of the lens caused by abnormal cell 

structures or proteins amplify light scattering and lead to blurred vision (9). However, 

the majority of myopia is caused by abnormal ocular growth and progressive eyeball 

elongation. 

Myopia can be categorised based on spherical equivalent cut-offs. Because there is no 

universally accepted classification of myopia, near-sightedness is often defined as below 

a threshold variably set anywhere between 0 and -1.00 D (6). Similarly, the degree of 

myopic refractive error is described using different spherical equivalent thresholds with 

some authors utilising a binary division of low (≤ -1.00 D) and high myopia (≤ -5.00 D), 

and others distinguishing between mild (≤-0.5 D), moderate (≤ 3 D) and severe (≤ - 6 D) 

forms of myopia (10,11). The paediatric studies using non-cycloplegic refraction 

techniques (without pupil dilation) require lower spherical equivalent thresholds due to 

potential bias toward myopic refraction. Although cycloplegia is considered a gold 
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standard for measuring refraction in children and adolescents (6), it is not required for 

population estimates of refractive error in adults (12).  

 

Figure 2 The position of light rays focusing. A, The normal eye. B, A myopic eye. C, A hypermetropic eye. Illustration developed by 

Scott E. Brodie, MD. © 2021 American Academy of Ophthalmology 
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Refractive errors, particularly axial myopia, are hypothesised to arise from a failure of 

homeostatic control of ocular growth (13). Emmentropisation is a dynamic 

developmental process that regulates the axial length and eye growth to match the 

optical power (14). Ocular growth, controlled through a visual feedback mechanism, 

facilitates emmentropisation and causes a gradual shift in refractive error distribution 

(14). In the neonatal period, the refractive error curve is wider and centred in 

hypermetropic ranges (15,16). The lengthening of the ocular globe drives reduction 

towards emmetropia in infancy and early childhood when the eye experiences a rapid 

axial length elongation from 18 mm at birth to 22-23 mm at the age of three (14). At this 

time, the cornea reaches its adult size and contributes 2/3 of the eye's refractive power 

(17,18). Subsequent refractive development depends on a gradual and controlled 

increase in axial length, rather than changes in cornea curvature (14). The optical power 

of spherical equivalent decreases proportionally to the eye size, which results in a 

gradual change from low hypermetropic to emmetropic refractive error (19) (Figure 2). 

Between the ages of six and twelve, the depth of anterior and vitreous chambers 

increases by 0.22 mm and 0.52 mm, respectively, which corresponds to an axial length 

change of 0.66 mm (20). Changes in other optical components neutralise an excessive 

myopic shift that could occur due to an increase in vitreous chamber depth (20). The 

flattening of the cornea and thinning of the crystalline lens lower the net refractive 

power and ensure a smooth transition from low hypermetropia to emmetropia (20). 

However, if predetermined scleral growth exceeds cornea/lens flattening rate or retinal 

modulating response, this could result in myopia (21) (Figure 2). In contrast, if the axial 

elongation is too slow for the flattening rate of the cornea/lens, the focal point moves 

behind the retinal plane, and hypermetropia may develop (21) (Figure 2). Nonetheless, 

barring individuals of East-Asian descent, the majority of the human population never 

develops refractive errors because the axial length and corneal and lens power match 

each other (22). 
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The age-dependent increase in ocular axial length, which drives the development of 

myopia, often coincides with the start of formal education (14). Scientific literature 

often distinguishes childhood, juvenile, school, early and late adult-onset myopias (6). 

Childhood-onset myopia is the most common form of near-sightedness. Myopia 

development at an earlier age in childhood is associated with a rapid disease progression 

and high-degree myopia in adulthood (23). Progressive high myopia can lead to vision-

threatening complications such as choroidal neovascularisation, retinal breaks, myopic 

macular degeneration and optic disc changes in adolescents and adults (24,25). It has 

been suggested that 70% of children that require vision correction before puberty 

eventually progress to moderate myopia of -3.0 to -5.75 D, while 18% of early myopes 

develop refractive error of -6 D or greater by the age of sixteen (26). Spherical equivalent 

at the age of 6 –11 appears to be a single most consistent predictor for juvenile-onset 

myopia (27). 

Although childhood myopia appears to be predictive of future severe myopic refraction, 

this correlation is not perfect. Despite generally reflecting myopia severity, self-reported 

age of refractive correction explains only 15% of the spherical equivalent variance in 

cross-sectional investigations (28). By contrast, genetic studies report high concordance 

of effects between self-reported age of myopia onset (29) and directly measured 

refractive error (30,31), indicating that the age of refractive correction is a reasonable 

proxy for the final refractive status in the large-scale population studies. 

1.4 Epidemiology of myopia  

1.4.1 Global prevalence rates of myopia in children  

Refractive errors, especially if uncorrected, negatively impact the quality of life, limit 

employability and affect academic performance (32). Moreover, myopia, in particular, 

is associated with several ocular complications and could lead to visual impairment and 

blindness (33). Children with early-onset near-sightedness is a group at major risk, as 

they will have a longer duration of the disease, will exhibit more rapid myopia 
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progression and likely develop high degree myopia in the future. Given that near-

sightedness is an irreversible and untreatable condition that starts in childhood and 

adolescence, the higher prevalence of myopia in small children often means a greater 

health burden in adulthood. 

Myopia prevalence in children varies considerably across different regions reaching 

epidemic levels in some countries (34). A recently published literature review on the 

global prevalence estimates of near-sightedness in schoolchildren revealed that East 

Asian countries were disproportionally affected by myopia. In particular, the prevalence 

of myopia was twice higher in East Asians than in similar age Europeans (1). The highest 

prevalence rates were recorded among schoolchildren in Singapore, Taiwan and South 

Korea (35). In particular, myopia was observed among 86% and 80% of 15-year-olds 

living in Singapore and Taiwan, respectively (35). Similarly, in Hong Kong, the prevalence 

of myopia among adolescents reached 78% (35). Observational studies conducted in 

South Korea estimated that close to 73% of children aged 5-18 years were affected by 

myopia. Conversely, Japan exhibited moderate prevalence rates of school myopia 

compared to those in Chinese and South Korean populations (36), whereas the lowest 

rates were documented in Mongolian children (35). 

Outside Asia, the prevalence rates of paediatric myopia tended to be lower. For 

example, in Australia, myopia was observed among 1.4% of six-year-olds and 12% of 

twelve-year-olds (37). However, the prevalence of near-sightedness varied between 

ethnic groups – children of East (39.5%) and South Asian (31.5%) descent was more likely 

to be myopic than their European (4.6%) and Middle Eastern (6.1%) peers (38). Likewise, 

in the United States, the prevalence of near-sightedness in paediatric populations of 

European ancestry varied between 4.5% and 28% among 6- and 12-year-olds, 

respectively (39). Another study of American adolescents aged between 5 and 17 years 

suggested that prevalence rates could be higher in non-European ethnicities; myopia 

was more prevalent in children of Asian (18.5%) and Hispanic (13%) descent and 

relatively low in their African (6.6%) and European (4.4%) counterparts (40). In the South 
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American continent and Africa, school myopia was not common, and the prevalence 

rates remained under 10 % (41). 

In Europe, overall paediatric myopia's prevalence rates were lower than in Asia (60% vs 

40%) (32) but varied across the continent. For example, in the United Kingdom, myopia 

was present in 2.8% of children aged six or seven and was observed in 17.7% of 

adolescents, as early as 12 and 13 years (42). Compared to the UK population, a teenage 

population in Sweden demonstrated a greater refractive tendency towards myopisation 

(43). In particular, myopia had a prevalence of 49.7% in 12- and 13-year-olds, whereby 

the proportion of bilateral near-sightedness in the same age group was 39% (43). 

Additionally, high myopia, defined as refractive error <= -5 D, was observed in 2.5% of 

Swedish children (43). Similarly, in France, the prevalence rates of school myopia 

reached 42.7% (SPHE <=-0.5 D) in adolescents aged 10-17 years, while 1.2% and 0.3% of 

teenagers had high (SPHE <=-6 D) and severe myopia (SPHE <=-10 D), respectively (44). 

In South Europe, the prevalence rates were lower, for example, in Greece more than 

28% of school students were myopic, while only 14.1% of students had myopia in 

Bulgaria (45). 

1.4.2 Myopia prevalence in urban vs rural areas 

Previous studies reported higher myopia prevalence rates among children residing in 

urban settings compared to children from the same ethnic groups living in rural areas 

(35). Stronger differences between urban and rural environments observed in East Asian 

and South Asian countries reflected greater socio-economic disparities compared to 

developed economies (35). In particular, longitudinal surveys conducted on Taiwanese 

schoolchildren between 1995-2000 revealed an association between highly urbanised 

residential areas and greater prevalence rates of myopia (46). Specifically, the 

prevalence of school myopia was highest in urban regions (45.7%), followed by suburban 

(40%) and rural areas (29.5%). Moreover, among the surveyed Taiwanese adolescents 

living in urban settings was associated with a 2-fold increase in the risk of myopia (46). 
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Similarly, In China, the prevalence of childhood myopia was greater in urban than in rural 

regions. In urban areas, 6% of children aged 5 and 30% and 75% of adolescents aged 10 

and 15 respectively, had myopia (47), whereby in rural settings, almost no five-year-olds 

were myopic, and only 37% of thirteen-years-olds, 43% of fifteen-year-olds and 54% of 

adolescents aged 17 had developed near-sightedness (48). Likewise, in South Asia, a 

similar trend was also observed. In urbanised residential areas of India, the prevalence 

of paediatric myopia was higher than that in rural parts of the country. Myopia was 

identified in 5%,7% and 10% of five-year-olds, ten-year-olds and fifteen-year-olds who 

lived in urban areas (49). By contrast, the prevalence of near-sightedness was lower in 

rural parts of India, specifically, 3%, 4% and 7% in children aged 7, 10 and 15, respectively 

(49). Similarly, in Nepal, 11% of eleven-year-olds, 17% of twelve-year-olds and 27% of 

fifteen-year-olds had myopia, while only 1.2% of rural children aged between 5 and 15 

years were myopic (50). 

Unsurprisingly, populations with a high prevalence of near-sightedness also exhibited 

rapid myopia progression rates. Asian children living in urban areas were observed to 

progress faster than their Western counterparts (51). The meta-analysis of myopia 

progression rates in urban adolescents found that nine-year-old Asian children on 

average, progressed by -0.82 D over one year, while in predominantly European 

populations progression rate was -0.55 D (51). From the findings of these studies, rapid 

urbanisation was one of the major cultural and economic contributors to the myopic 

transition and ongoing myopia epidemic in Asia (35). 

1.4.3 Cohort effects in myopia prevalence  

In the last thirty years, East-Asian populations experienced an unprecedented rise in 

paediatric myopia prevalence rates (52), with an estimated average of 23% increase per 

decade (35). In Taiwan alone, from the mid-80s to the early 2000’s a prevalence of near-

sightedness rose from just 6% and 37% to 21% and 61% in seven-year-old and twelve-

year-old children, accordingly (52). In fifteen-year-old Taiwanese adolescents, the 
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prevalence rates increased from 64% to 84% in 2000, while among sixteen and eighteen-

year-olds, the rates had risen from 74% to 84% (52). Likewise, a 2010 Singaporean study 

of Chinese children myopia was identified in 11% of the participants aged between 6 

and 72 months (53). In the children aged 7-9 years, the prevalence varied between 29% 

and 53% (54). Similarly, in Korea, studies of age-specific prevalence indicated a 

significant generational shift. In particular, 50% of children aged between 5 and 11 and 

78% of teenagers who were 12 and older had myopia, whereas the prevalence rates in 

high-school students were lower – 45% (55).  

Previous observational work assessed the evidence for the myopic transition by 

examining changes in myopia prevalence in older age groups. The 2015 meta-analysis of 

Asian studies spanning 16 countries and regions found a considerable variation in the 

age-specific prevalence rates of myopia (56). The age-specific pooled estimates of this 

meta-analysis implicated strong generational effects (56). In particular, myopia was 

prevalent among 47.4% of Asians aged 20-29 years, whereas, among individuals aged 

40 years or older, the pooled prevalence of myopia reached 30% (56). The increase of 

prevalence rates among younger individuals was more pronounced due to recent cohort 

effects in urban Asian populations exposed to rigorous schooling (56). 

Although population-based studies indicated that myopia was less common in Europe, 

affecting about 3-5% of younger children and up to 20% of adolescents (35), there was 

an observable time trend towards myopisation. For example, a 2016 study revealed that 

incidence and frequency of near-sightedness were relatively low in the UK 

contemporary population of European ancestry compared to other countries (57). Still, 

the prevalence of near-sightedness almost doubled during the last 50 years in teenagers 

aged 10 – 16 years, and children also developed myopia at a younger age (57). In the 

2016 NICER study, myopia was observed in 1.7% of children aged 6-7 years (57). 

Moreover, the proportion of myopes increased significantly during adolescence (12-13 

years), more than 14.6 % (p<0.001) of children in this age group were myopic (57). There 

was a less dramatic increase between 12–13-year-olds and 18–20-year-olds with a 2 – 
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4% change in prevalence rates for a younger and older cohort accordingly (57). More 

children in the NICER study were myopic at the age of 12 – 13 than in the Sydney study 

(16% vs 4.4%, p<0.001) (57).  

Similar to other regions with ongoing rapid myopisation, in Europe, a moderate increase 

in myopia prevalence coincided with the rise in education levels, as exposure to tertiary 

education changed from 5% to 50% (34). In particular, a marked cohort effect for myopia 

prevalence was observed across recent birth cohorts in the 2015 E3 consortium meta-

analysis. These analyses revealed significant generational effects for growing myopia 

prevalence rates (58): approximately 18% of individuals born between 1910 and 1939 

had developed myopia during their lifetime, whereas in the 1940 –1979 birth cohort, 

the prevalence of myopia was higher, 24% (58). The generational effects of increasing 

myopia in European populations were attributed to the additive effect of educational 

levels and birth cohort (58). The relationship between refractive error and educational 

attainment will be discussed in detail in paragraph 1.5.2.1 

Studies from the United States also report an increase in the prevalence of near-

sightedness over the past few decades (59). A study by Vitale et al. assessed myopia 

prevalence rates in the United States between 1971-1972 and 1999-2004 (59). The 

investigation found a significant increase in overall myopia prevalence from 25% in 

1971-1972 to 41.6% in 1999-2004 (59). Moreover, the prevalence rates were higher in 

individuals of European (43.0% vs 26.3%) and African descent (33.5% vs 13.0%) in 1999-

2004 compared to 1971-1972 as well as for all degrees of near-sightedness: for mild 

(17.5% vs 13.4%), moderate (22.4% vs 11.4%) and severe (1.6% vs 0.2%) myopia (59).  

These findings supported the evidence of a generational increase in the prevalence rates 

of myopia and gradual myopisation of the population. 
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1.5 Aetiological risk factors  

Myopia is a common ocular disease that develops due to a complex interplay between 

genetic and environmental factors. Twin and family studies suggest that refractive error 

is a highly heritable trait with 70%–90% of its variance explained by genetic factors, also 

known as heritability. Conversely, exposures that influence the prevalence of near-

sightedness are diverse and range from perinatal to early development. This chapter will 

discuss genetic factors that contribute to refractive errors and myopia but also lifestyle 

and behavioural factors such as time spent outdoors, demographic characteristics, 

including education and socioeconomic status, and personal characteristics such as and 

mental capacity.  

First, I will present the findings of heritability studies and provide arguments for studying 

genetic factors influencing refractive development. I will summarise evidence from the 

most recent genome-wide and genomic sequencing studies that shed a light on 

molecular mechanisms implicated in the pathogenesis of refractive disorders. Next, I will 

describe key environmental factors associated with refraction that interact with each 

other and drive global trends in the prevalence rates of near-sightedness. 

1.5.1 Genetics of refractive error and myopia 

Refractive errors are aetiologically heterogeneous, as both environmental exposures 

and hereditary factors are involved in their pathogenesis. Refractive error and especially 

severe myopia demonstrate clear familial aggregation. There is also strong evidence for 

the impact of genetic factors outweighing environmental influences and largely 

determining the trait variance. A number of population-based epidemiological 

investigations suggest a strong relationship between parental myopia and the risk of 

myopia in the offspring (60–63). Additionally, twin and family studies assessing the 

contribution of genetic factors to the phenotypic variance report high heritability of the 

trait (64,65). To date, research has identified hundreds of different chromosomal 

regions associated with myopia or related traits, but the knowledge about their role in 
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myopia development is limited. In this chapter, I will give an overview of the genetic 

findings on non-syndromic myopia, using current data from twin studies and genome-

wide association studies and briefly discuss the results from candidate gene and linkage 

analyses. 

1.5.1.1  Heritability studies  

Heritability is the fraction of trait variation among individuals within a population that is 

explained by their genotypes (66). The heritability of refractive error (measured as 

spherical equivalent) has been assessed in many family and twin studies. The heritability 

estimates vary widely from a low of 10% reported by family investigations of Eskimos 

(67,68), to a high of 98% heritability observed in studies of female twins (65,69,70). This 

broad range can be partly attributed to differences in study design and methodologies 

(70), but also a considerable degree by unequal environments (71). Specifically, in 

populations where environmental triggers are low, the contribution of genetic variants 

leads to higher heritability estimates and, conversely, intense environmental exposures 

lead to lower heritability estimates (71).  

A number of twin studies have been performed on refractive error and myopia in 

different decades and across various geographical regions. The models used in twin 

investigations estimated the proportion of observed variance explained by additive and 

dominant genetic effects (A), shared environment influences (C) and effects from the 

unshared or unique environment (E). Twin studies ascertained the contribution of 

genetic effects based on assumption that monozygotic twins shared all of their genes, 

whereas dizygotic twins shared 50% of their genetic material. Notably, the heritability 

estimates of refractive error and myopia as well as related traits from recent large twins' 

studies were consistently higher compared to the estimates reported by family studies 

(72,73). Twin investigations suggested high heritability of myopia ranging between 70% 

and 90%,(65,74–76) and found no significant effect of shared environment. Likewise, 

the pooled heritability estimates of several refractive biometric traits indicated 
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refractive error heritability of 71% (70). Similarly, to all-cause refractive error, myopia 

exhibited considerable variation in heritability (70), with literature attributing 60% – 

80% of myopia variance to genetic factors (71). 

1.5.1.2  Linkage and candidate gene studies 

Before the era of genome-wide association studies, the identification of disease 

susceptibility genes relied on family linkage and candidate gene investigations. Several 

linkage studies sought the evidence of genetic marker co-segregation with myopia 

through pedigrees (71). At least 30 candidate regions, including MYP family genes 

(14,77–79) as well as a handful of other loci (80–85) were identified using genetic linkage 

in families with dominant inheritance myopia. Fine mapping of the loci helped to detect 

additional candidates, such as the IGF1 gene located within a broader MYP3 region (86). 

Although most loci discovered in linkage studies were rarely replicated independently, 

some of these rare variants were linked to common myopia, indicating a degree of 

genetic overlap between Mendelian and complex near-sightedness (87). 

Candidate gene studies selected genetic targets based on existing knowledge about 

their biological, physiological and functional relevance (88). However, similarly to family-

linkage investigations, candidate gene studies suffered from several methodological 

issues. In particular, genetic variance across populations made it difficult to differentiate 

between normal and disease-causing variation using the candidate gene approach (89). 

This method relied on existing literature and was also vulnerable to publication bias (88). 

Candidate gene studies have identified several genes associated with myopia and ocular 

refraction. In particular, genes implicated in collagen syntheses, such as COL1A1 and 

COL2A1 (90,91), as well as candidates encoding a host of growth factors (92–94) and 

metalloproteinases (95,96) showed evidence of the association with myopia. 

Additionally, candidate gene studies were among the first to report the association 

between ocular development gene PAX6 (97) and extreme near-sightedness (97). This 

association with a single PAX6 variant was consistent across different candidate gene 
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investigations and replicated in the meta-analysis (98) and subsequent GWAS (99). 

Nonetheless, similarly to linkage analyses, most candidate gene studies lacked 

replication in independent samples. 

1.5.1.3  Genome-wide association studies on refractive error and 

myopia 

In the last decade, genome-wide association studies (GWAS) became the dominant 

method for genetic interrogation of complex traits and diseases, leading to the discovery 

of thousands of loci associated with many hundreds of different diseases and other 

phenotypic traits. GWAS identify genetically determined molecular mechanisms 

underlying the pathogenesis of common disorders (100). GWAS rely on the "Common 

Disease, Common Variant" hypothesis, according to which high-frequency genetic 

variations have lower magnitudes of effect but contribute most of the genetic 

predisposition to common diseases and traits (100). GWAS tests millions of genetic 

polymorphisms across the genome, using high-throughput genotyping arrays or chips, 

and examine associations between common traits and common genetic polymorphisms 

in the form of SNPs (100). These genetic associations are further interrogated in post-

GWAS analyses to gain insights into disease pathogenesis and find core biological 

pathways. Since 2005 more than 3000 GWA investigations have been published, 

including over 30 reports on refractive error, myopia and related phenotypes (101) 

Refractive errors and myopia were studied exploiting a wide array of genetic 

methodologies (71). However, greater success was achieved by conducting genome-

wide association studies that discovered hundreds of genetic loci and replicated them 

across different populations and ethnicities. The first published GWAS were case-control 

studies of severe and pathological myopia performed in small cohorts of East Asian 

patients (66,102) which led to the discovery of at least ten myopia susceptibility loci 

(103–105). However, the majority of currently known loci were identified in GWAS that 

considered refractive error as a quantitative trait and analysed genetic data from large 
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population-based cohorts rather than a selected sample of clinic-based highly affected 

cases (100). The first GWAS utilising spherical equivalent as a quantitative proxy of 

refractive error was carried out in two European cohorts and yielded two novel genome-

wide significant associations with one SNP located near the RASGFR1 gene on 15q25.1 

(30) and another placed near GJD2 on 15q14 (106). These genetic signals were replicated 

in a larger multi-ethnic study which also reported an additional novel variant within the 

RBFOX1 gene (107). However, these findings were surpassed by the Consortium on 

Refractive Error and Myopia (CREAM) meta-analysis which was performed using 

HapMap2 imputation and aggregating spherical equivalent data from 35 different 

cohorts of European and Asian ancestry (31). The meta-analysis validated associations 

with RFBOX1, RASGRF1 and GJD2 and enabled the detection of 23 new loci at a genome-

wide significance level, including associations with LAMA2, PRSS56, RDH5 and others 

(31). 

In the same year, direct-to-consumer genomics company 23andMe published a 

genome-wide survival analysis of myopia onset using the self-reported information from 

55,177 participants of European descent (108). The analyses utilised the phenotype of 

self-reported myopia and the age of first spectacle wear as a proxy for the severity of 

myopic refraction (108). The study by 23andMe identified 22 genomic hits of which 11 

were completely novel. Surprisingly, the survival analyses found genetic associations 

that were highly comparable to the genetic effects seen in CREAM which were obtained 

using more precise refractive error measurements (108). The time-to-event analyses 

conducted by 23andMe replicated 8 genomic loci reported by CREAM (109). Conversely, 

CREAM confirmed 16 genetic associations identified by 23andMe (109). Despite these 

genome-wide analyses using different phenotypes and measurement scales – dioptres 

and hazards ratios, there was a linear relationship between the effects sizes for common 

significant SNPs obtained from both investigations (109). Remarkably, the locus-specific 

hazards for myopia onset before 30 correlated with subtle refractive error changes later 

in life (109).  
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Although CREAM and 23andMe discovered a large number of susceptibility loci, 

cumulatively they explained only 3% of refractive error variance (31,108). A large meta-

analysis combined the data from CREAM and 23andMe with subsequent replication in 

UK Biobank and increased the number of validated loci to 161 (110). Moreover, based 

on the observed strong genetic correlation between Asian and European cohorts, the 

results of the meta-analysis suggested that the genetic architecture of refractive error 

was relatively similar between Asian and European populations (110). Collectively the 

genetic signals identified in the meta-analysis of CREAM and 23andMe GWAS predicted 

7.8% of phenotypic variance (110), which was twice as large as the fraction of variance 

attributed to previously reported genetic associations. However, further improvements 

in explained phenotypic variance could be achieved with larger sample sizes. The meta-

analysis also assessed the predictive utility of polygenic risk scores (PRS) which was 

calculated for each individual using a sum of refractive error-associated alleles across 

161 susceptibility loci weighted by their effect sizes. The model based on PRS and 

adjusted for age and sex was able to differentiate between myopia and hypermetropia, 

yielding a predictive value of 0.77 (110). 

Previous experimental studies proposed the hypothesis that a retina-to-sclera signalling 

cascade was driving eye growth and influencing the refractive state (111). However, 

before the integration of GWAS with functional genomics data, there was limited 

information on the molecular drivers of retinal circuitry (71). A number of large GWAS 

identified common polymorphisms located within or near genes involved in retinal 

signalling (31,108,112). 

In particular, among enriched gene pathways in CREAM analyses were extracellular 

matrix remodelling, neurotransmission, ion transport, metabolism of retinoic acid and 

ocular development (31). Similarly, 23andMe found genetic evidence implicating visual 

cycle, neurogenesis, ocular growth and retinal ganglion cells (108). A pathway analysis 

combining the data from CREAM and 23andMe revealed gene enrichment for a 

multitude of processes including cell-cell adhesion, cation channel activity, synaptic 
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transmission, calcium ion binding (113). Additional examination of protein-protein 

networks detected significant overrepresentation of the genes involved in cell cycle and 

growth, specifically TGF-beta/SMAD and MAPK pathways (113).  

The 2018 meta-GWAS of CREAM and 23andMe cohorts further expanded these findings, 

providing more in-depth insights into retinal signalling (110). The results of this meta-

analysis underscored the role of TGF-beta signalling and found evidence of gene 

enrichment for the dopamine pathway which had been extensively studied in 

experimental models for its light-driven mediation of ocular growth (114). Additionally, 

many refractive error-associated polymorphisms were placed within genes that 

participated in anterior segment morphogenesis and angiogenesis (110). However, 

meta-gene sets affecting photoreceptor development and characteristics were ranked 

as the most important (110). Specifically, analyses found an overrepresentation of the 

genes involved in the detection of the light stimulus and linked to abnormal 

photoreceptor inner segment morphology and thin retinal outer nuclear layer (110). 

Together, these results indicated a prominent role of retinal cell physiology as well as 

light processing in the refractive development with strong evidence of involvement of 

all retinal cells, including retinal pigment epithelium, vascular endothelium and 

extracellular matrix (110).  

Before the GWAS studies, the efforts to identify genes associated with refractive error 

and myopia relied on family and candidate gene studies which were underpowered and 

difficult to replicate (71). However, with the advent of GWAS, there were over a hundred 

genomic regions associated with refractive disorders (71) and the number of detected 

refractive error-associated genes exponentially increased with growing sample sizes 

(71). Nonetheless, as with other genome-wide investigations, there was a discrepancy 

between the number of declared susceptibility loci and the amount of phenotypic 

variance explained by the entire collection of genotyped SNPs (115). Previous studies 

suggested that about 35% of refractive error variation in unrelated individuals could be 

attributed to common polymorphisms (116). By contrast, genetic variants reported by 
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the currently largest meta-GWAS were able to collectively predict only about 8% of 

refractive error variance (110). However, previous research has demonstrated the most 

predictive and useful insights into the impact of common polymorphisms were 

uncovered after the study samples had reached hundreds of thousands of participants. 

Therefore, the increase in the number of identified loci and their predictive power could 

be achieved by genotyping large cohorts and meta-analysing their results. Additionally, 

larger GWAS would enable the detection of higher functional mechanisms indirectly 

influencing emmentropisation and refractive development. In Chapter 4, I describe what 

we could learn from post-GWAS analyses of the largest meta-GWAS of refractive error, 

that highlighted new biological mechanisms and expanded our understanding of 

myopia. 

1.5.1.4  Next-generation sequencing studies on myopia 

Until recently insights derived from large genetic investigations have only been available 

for common and low-frequency polymorphisms because SNP arrays used in traditional 

GWAS did not cover many directly genotyped rare and ultra-rare markers and the 

potential for their imputation is low, due to weak linkage disequilibrium with other 

markers (117). Generally, an inverse relationship was observed between variant effect 

size and their allele frequency in the population; markers with larger effects tended to 

be rarer (118). The impact of rare variance has been assessed in family-based and rare 

disease studies by combining genetic data from phenotypically similar probands and 

identifying associated groups of rare markers (117). However, contributions of rare 

polymorphisms to the variance of common traits have only been evaluated for selected 

phenotypes (119–121), as large datasets with phenotypic and exome information were 

not available until very recently. 

Population-based whole-exome sequencing studies (WES) provided a superior 

alternative to linkage and candidate gene investigations of rare genetic variance (117). 

Until recently, rare variant analyses using next-generation sequencing were performed 
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on a selected number of common diseases, precisely developmental delay, diabetes and 

schizophrenia (117). However, this changed with the availability of data such as the UK 

Biobank that included close to 200,000 exomes matched to thousands of phenotypes 

(117).  

To date, there was no published large population-based whole-exome sequencing study 

performed on refractive error or myopia. Previous myopia WES analysed only cases or 

families with a particular form of refractive disorders, such as myopic anisometropia, or 

X-linked near-sightedness (122–124). Currently, at least 17 non-syndromic myopia 

genes were discovered through next-generation sequencing, of which 11 were 

autosomal dominant, four autosomal recessive and two were X chromosome-linked 

genes (101). These genes were involved in mitochondrial function (NDUFAF7, SCO2) and 

DNA transcription (ZNF644, CCDC111); they also participated in collagen synthesis 

(P4HA2), cell and retina-specific signalling (BSG, NC5D) and were implicated in the TGF-

beta pathway (LRPAP1, SLC39A5, LOXL3). Additional 29 potentially pathogenic variants 

were identified by examining a large number of markers within retinal dystrophy genes 

in probands with early-onset high myopia (125).  

Although several next-generation sequencing studies identified novel genes associated 

with high myopia, some of the mutations did not show a distinct cosegregation with the 

disease in the family (101). Previous exome sequencing work focused on 

multigenerational proband families and small case-control comparisons, reporting 

results with a high probability of false positives. Non-replication was common in these 

studies for reasons, such as power limitations, small samples, multiple testing within and 

between studies, publication bias and overestimation of true effect sizes (88). 

Moreover, genes that carried mutations increasing the risk of myopia in specific families, 

were not necessarily important for the overall population's risk. Given that previous 

attempts to find rare variants driving the population's refractive error were largely 

unsuccessful, to assess the impact of rare and ultra-rare genetic variance I exploited the 
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UK Biobank exome-sequencing project and present the findings of this investigation in 

Chapter 5.  

1.5.2 Environmental factors associated with refractive error and 

myopia 

The rise in myopia prevalence rates mirrors generational shifts in lifestyle and 

behaviours with children in many countries spending a considerable amount of time 

indoors engaged in near-work activities such as studying, reading and writing. The 

evidence has linked the current myopia epidemic to a wide range of behavioural and 

lifestyle factors that interact with each other and create a myopiagenic environment. 

This section will provide an overview of environmental exposures associated with 

refractive errors and myopia.  

1.5.2.1  Educational attainment  

The relationship between educational attainment and myopia is well documented and 

has been replicated by multiple observational studies over the last 150 years and in 

many parts of the world (126). In developed economies, myopia onset occurs during 

childhood, specifically in school years (127). Several cross-sectional and longitudinal 

studies observe a clear dose-response relationship between years of education and 

near-sightedness risk. Individuals with a university degree are four times more likely to 

become myopic than those with primary education (127). In this context, education 

attainment levels are a composite product of near-work activities taking place in 

childhood, adolescence and early adulthood (120), including reading, writing and time 

spent watching a computer screen. Near-work puts an additional strain on the 

developing eye by requiring extra refractive power from the accommodation of the lens, 

to help focus the image on the retina. In addition to near-work, educational activities 

often entail less time spent outdoors, which is another independent risk factor for 

myopia (39) and is discussed in more detail in paragraph 1.5.2.4.  
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Rapidly rising myopia prevalence rates were associated with increasing educational 

levels in Europe (58) and Asia(128). The connection between increasing populations 

education levels and the myopia epidemic was evident in East Asia, where the 

proportion of individuals with university degrees markedly changed from 6% in 70+-

year-olds to 46% in 20–29-year-olds (128), while the prevalence rates of myopia 

increased from 10.5% in older cohorts to 78.5% in recent birth cohorts (128). In parallel, 

a trend towards the increasingly early-onset myopia was also observed. As a result of 

intense early education at the preschool level and limited time spent outdoors, 50% of 

Asian primary school children were myopic (129), whereas only 10% of similar age 

children had a myopic vision in the UK ALSPAC study (130).  

Similarly, rising prevalence rates of myopia in Europe were also associated with 

increasing levels of education. Analysis of data from Northern and Western Europe have 

found a significant cohort effect for rising prevalence rates of near-sightedness in 

Europe (58). In particular, the study observed a 5.7% difference in prevalence rates 

between the older and younger cohorts (17.8% for the 1910-1939 birth cohort vs 23.5% 

1940-1975 birth cohort) (58). Moreover, educational attainment was significantly 

associated with near-sightedness. Myopia was more common in individuals with higher 

education (36.6%) compared to the participants with primary (25.5%) and secondary 

(29.1%) education (58). Interestingly, individuals with higher education or those born in 

the 1960s had 2.43- and 2.62-times greater myopia prevalence rates than the reference 

group that included participants born in the 1920s who also completed primary 

education. In contrast, individuals born in the 1960s who also attained university degree 

had myopia prevalence rates four times higher than that of the reference group (58). 

Thus, a combination of a more recent birth year and higher education had an additive 

effect on increasing myopia prevalence rates in Europe (58).  

Work by Plotnikov and colleagues assessed the causal effect of education on refractive 

error using regression discontinuity analysis (131). In particular, the introduction of 

ROSLA (raising of the school leaving age in the UK) education reform was utilised as a 
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natural experiment aimed to evaluate the effect of additional compulsory schooling on 

refraction (131). The reform, first implemented in England and Wales in 1972, extended 

the age at which a child was allowed to leave compulsory education by one year (from 

15 to 16 years) (131). The study sample comprised 21,548 participants of European 

descent from the UK Biobank cohort, and the refractive error of those born before and 

after the ROSLA reform was compared (131). The study found that spherical equivalent 

worsened by -0.29 D during the 1952-1972 transition period (131). The estimated causal 

effect of the ROSLA act on population refraction was -0.77 D in the direction of myopia 

(131). However, individuals with a greater genetic risk of myopia were less affected by 

the reform implementation than participants with lower genetic risk. If the findings of 

this study held true, genetically susceptible individuals would develop myopia 

independently of exposure to education (131). These results strengthened existing 

evidence from Mendelian randomisation studies, which suggested that remaining in the 

education resulted in a greater risk of myopia (131). 

A 2018 study by Mountjoy et al. combined educational attainment and self-reported 

myopia GWAS from two independent samples to determine if more years in education 

were a causal risk factor for myopia (132). These analyses revealed that an additional 

year of education resulted in more myopic refraction of -0.27 D (132). Conversely, there 

was no evidence indicating that myopia could influence education(132). 

1.5.2.2  The interplay between cognitive functions and myopia  

Cognition, measured as a proxy for the "general mental ability for reasoning, problem-

solving, and learning", is associated with myopia independently of educational 

attainment. One of the earliest studies conducted in 1958 by Nadell and Hirsch 

suggested that children with myopia had higher intelligence scores (133). Similar 

findings were reported by researchers from New Zealand, the USA, Israel, Check 

Republic, Denmark (133). Other epidemiological work demonstrated that myopic 

children tended to perform better academically irrespective of their intelligence, whilst 
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their hypermetropic peers had comparatively lower cognitive scores and worse 

academic performance (133). Some early investigations examining this association 

proposed a pleiotropic relationship between negative refraction and high cognitive 

function, whereby a single gene or several shared genes influence two or more 

unrelated traits.  

The positive association between myopia and higher cognitive measurements in 

children has been characterised by several longitudinal studies. One such study assessed 

the link between nonverbal intelligence quotient (IQ) and myopia in a cohort of 1,204 

Singaporean children (SCORM) aged 10 to 12 years. The study authors found that 67.9% 

of school children in the highest quartile for IQ had myopic refraction, while only 46% of 

students were myopic in the lowest quartile (134). Myopia was strongly associated with 

nonverbal IQ in the highest quartile compared to the lowest (OR = 2.4) (134). Nonverbal 

IQ score was also associated with axial length and vitreous chamber increase and a more 

myopic refractive error (134). The observed relationship between IQ and myopia was 

independent of reading or near-work activities, with cognitive scores more strongly 

associated with refraction than the number of books read per week (134). 

A further study examining the relationship between cognitive measures and myopia in 

male teenagers found a strong association between myopic refraction and intelligence 

and years of education (135). However, high cognitive scores and education were 

equally important for myopia development, resulting in higher prevalence rates among 

more educated and higher IQ groups (135). The IQ of myopic male teenagers was on 

average seven points higher than that of their emmetropic peers (136), and later 

research revealed that this relationship was more pronounced for verbal than non-

verbal components of cognitive function (137). Interestingly, the correlation with 

cognitive performance was weaker in adults and the elderly (138). For example, in the 

Gutenberg Health Study of 3819 adults aged 40 -79 years, both education and cognitive 

score correlated with the severity of myopia; however, only years of education 

significantly predicted near-sightedness (138). Similarly, Spierer et al. reported a 
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nominal association with cognition in a cohort of older women that became less 

significant after adjustment for education (139). 

Despite intelligence being one of the most studied risk factors for myopia, the exact 

mechanism of the association is unknown, but several possible reasons have been 

suggested. One of the proposed explanations is behavioural patterns related to both 

traits (140). In particular, it was previously proposed that individuals who read more also 

perform better in standardized tests, especially those assessing verbal IQ (141). Intense 

and regular near-work activities such as reading were also linked to higher prevalence 

rates of myopia, potentially confounding the relationship with intelligence (142). 

Moreover, verbal intelligence tests that require linguistic skills primarily developed 

through reading consistently demonstrate a stronger correlation with refractive error 

than non-verbal tests (142). However, it can also be argued that intelligence determines 

reading habits; therefore, intelligent children are more likely to become myopic. 

Nonetheless, this notion is contradicted by research suggesting a significant relationship 

between myopia and spatial intelligence that doesn't rely on verbal skills or retained 

information. Additionally, correlation with spatial intelligence counters the hypothesis 

suggesting that quick and efficient reading contributes to higher intelligence scores 

observed in myopic individuals (143).  

Another explanation for the correlation between myopia and cognitive ability is a 

biological mechanism linking cerebral and ocular development, which leads to higher 

observable intelligence scores in myopes. Some previous work suggested that IQ and 

refractive error could share a single pleiotropic genotype, also known as Eye Brain Gene 

(EBG), that brings about two different but related traits: neurocognitive development 

resulting in higher intelligence and overdevelopment of the eye leading to myopia (144). 

A study by Williams and colleagues evaluated the extent of shared genetic architecture 

between refractive error and IQ in a longitudinal twins’ birth cohort (Twins Early 

Development Study) (145) and found that shared genetic effects explained 78% of the 

phenotypic correlation between refraction and IQ, estimated at −0.116. Polygenic risk 
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scores (PRS) contributed to a considerable proportion of the shared variance. In 

particular, in the PRS model constructed for intelligence, higher IQ scores showed a 

strong association with negative refraction. The Twins Early Development Study also 

demonstrated that shared genetic factors significantly influenced the covariance 

between IQ and myopia (145).  

1.5.2.3  Near-work 

Near-work, which includes activities performed at short working distance, may influence 

the association between education and myopia. In particular, increased accommodation 

associated with near-work activities was thought to mediate the effect of educational 

attainment. However, observational studies that assessed distance-weighted or time-

based measures of near-work found a weak correlation between myopia and near-work, 

especially when this association was adjusted for other factors such as parental myopia 

(146,147). Conversely, it was also suggested that near work could induce 

accommodative lag and hyperopic defocus seen to promote ocular growth in animal 

models (148). 

A systematic review by Huang et al. aimed to examine the association between near-

work activities and myopia in children and quantify the effect of near-work on refractive 

error (149). The meta-analysis reviewed articles published between 1989 and 2014 and 

comprised twelve cohorts and fifteen cross-sectional studies from Asia, the US, Europe 

and the Middle East (149). The definition of myopia varied across the articles selected 

for the review, while time spent on near-work activities was self-reported by parents or 

students (149). In ten cross-sectional studies, near-work was associated with an 

increased risk of myopia in children aged 6-18 (149). In these investigations, 

schoolchildren reading more than two books per week were three times more likely to 

be myopic than their peers reading less than two books per week (84). Moreover, a 

reading distance of less than 30 cm and continuous reading of more than 30 minutes 

each day were associated respectively with 2.5 times and 1.5 greater the likelihood of 
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myopia (84). However, only two of the six cohort studies included reported statistically 

significant correlations. In particular, one investigation found that hours per week spent 

reading and playing video games were greater in myopes than emmetropes before and 

after the onset of myopia (150). Another prospective cohort study demonstrated that 

myopic participants carried out significantly more near-work than emmetropes, 

specifically in the younger cohort (151). Overall, the systematic review of the current 

evidence on myopia and near work suggested that children who performed more close 

distance work were 85% more likely to be myopic, and with each additional dioptre-

hour of near-work per week, the likelihood of myopia increased by 2% (149). Only 

reading and not television watching or playing video games was associated with myopic 

refractive error (149). The authors of the review were unable to combine the results of 

myopia progression studies due to inconsistent definitions of the outcome (149). After 

the consolidation of available study findings, the evidence for myopia and near work 

association was of moderate strength and close-work activities were considered 

moderately important for myopic refractive error development (149).  

1.5.2.4  Time outdoors  

Few lifestyle factors with protective effects have been identified for myopia. Among 

potentially modifiable risk factors, the most conclusive evidence was found for exposure 

to outdoor light which was shown to be protective against myopia. One of the first 

studies investigating this association was the 2008 seminal publication reporting that 

more time outdoors, irrespective of physical activity, was associated with lower myopia 

prevalence rates in children (152). Since then, the findings of several longitudinal and 

randomised control trials supported the hypothesis that time outdoors decreased the 

risk of myopia onset (153,154). In 2013, Sherwin et al. conducted a meta-analysis 

systematically reviewing the findings of seven cross-sectional studies and reported that 

one additional hour spent outdoors resulted in myopia risk reduction by 13% (155). The 

review did not examine the efficacy of outdoor time against refractive error progression 

in already myopic eyes. However, subsequent studies found a significant effect of 



Chapter 1 | Introduction 

 51 

increased time spent outdoors over the onset of myopia, but not its' progression (156). 

In particular, the data suggested a significant protective effect of increased time spent 

outdoors against incidental myopia (RR = 0.53; 95%CI: 0.338 – 0.85) (156). One hour of 

outdoor time lowered the chance of myopia by 45 – 50% (156) and reduced myopic shift 

by 0.30 D (156). However, while the increase of time outdoors was protective against 

myopic refraction, it did not influence disease progression in the already myopic eyes 

(156). Given these findings, outdoor time appears to have a stronger effect before 

myopia has developed, because no association was found between time spent outdoors 

and myopia progression (156). 

There is some evidence that time outdoors could prevent myopia via multiple pathways 

(157). The proposed biological mechanisms include higher luminance, reduced 

peripheral defocus, chromatic spectrum light, its association with physical activity and 

altered circadian rhythms (157). The higher luminance theory gained the most support 

from research on human and animal studies (157). The brightness outdoors is 10-1000 

times greater than indoor luminance and may explain the association between time 

outdoors and incidental myopia (157). In animal models, chicks and rhesus monkeys, 

brighter ambient lighting ranging 10 000 – 40 000 lux was observed to prevent form-

deprivation myopia (FDM) in a dose-dependent manner but had a weaker effect on lens-

induced myopia (157).  

Longitudinal studies in humans reported the association between higher average daily 

light exposure and slower ocular growth (157). Interestingly, exposure to artificially 

increased light also lowered the risk of myopia (157). In particular, daily 30-minute light 

therapy sessions were shown to thicken choroid in adults, a measure associated with a 

reduced axial elongation in children (157). In another intervention study, the classroom 

brightness was increased from 100 to 500 lux, which resulted in a 6% lower risk of 

incidental myopia (157). 
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The evidence for other hypotheses explaining the relationship between time outdoors 

and myopia is inconclusive (157). Hypermetropic peripherical defocus was observed to 

cause ocular growth in animal models, while in humans, it was associated with myopia 

progression but not the onset (157). Nonetheless, whether the differences between 

peripheral defocus in outdoor and indoor environments could potentially mediate the 

relationship between time outdoors and myopia remains to be elucidated (157). 

Although other factors, such as circadian rhythms, spatial frequency and chromatic 

spectrum, could modulate the effect of time spent outdoors, there is a paucity of studies 

on humans supporting these hypotheses(157). The current research also provides no 

conclusive evidence backing the mediation by near-work or physical activity (157,158). 

Conversely, studies conducted in animals indicate that brighter light and reduced 

peripheral defocus exhibit a synergistic effect over eye growth, suggesting the 

combination of these two factors might be required for maximal efficacy of the 

interventions in humans (157). 

1.5.2.5  Birth season 

Throughout the years, an association between refractive error and the birth season has 

been hypothesised but remains controversial. These hypotheses hold that the season of 

birth affects the exposure to light in the early months or years of life, or it changes the 

age in which the child is first exposed to educational pressures since the school start 

months in the Northern hemisphere is fixed in late summer or early autumn. Some 

studies found an association between myopia with birth during the months of spring 

(159), others autumn (160,161), or the photoperiod (different months and seasons like 

spring and autumn have similar luminance) (160), but these findings remain to be 

replicated (162,163). 
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1.5.2.6  Urbanisation 

Urbanisation is a broad term that encompasses different aspects of cultural and 

environmental changes to which the individuals can be exposed in an urban setting. 

Urbanisation is therefore a general and very non-specific risk factor. 

Several observational studies linked geographical location to childhood myopia 

prevalence rates with higher prevalence reported in urban compared to rural areas 

(47,140,164). However, data on the impact of urbanisation is conflicting. It was 

previously suggested that air pollution may be driving higher myopia prevalence rates 

in urban areas (165–167), but the evidence in favour of this association was weak (167). 

Epidemiological work had also suggested that population density could potentially 

explain the observed association with urbanisation (167). In particular, schoolchildren 

living in the areas with higher population density were more likely to be myopic 

irrespective of other factors such as parental myopia and education, near-work, time 

spent outdoors and ethnicity (168–170), whereas the relationship between urban status 

and myopic refraction appeared to be confounded by education and time outdoors 

(171). 

1.5.2.7  Parental factors associated with myopia 

Several parental factors were linked to myopia in children, and these associations may 

be mediated through shared genetic factors or direct influences that parental choices 

have on the children’s environmental exposures. Parental genotypes influenced their 

offspring's traits even when the alleles were not transmitted (172), a phenomenon 

referred to as "genetic nurture" (172).  

An array of maternal factors showed significant associations with the child's refractive 

error (173). Maternal age and height were implicated in the risk of myopia (24,173). Life 

course studies identified increasing maternal age and height as important pre-

conceptional life stage factors for near-sightedness (174). Pregnancy in older women 
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was associated with a 2.3- and 2.1-fold increase in high and early-onset myopia risk, 

respectively (174), although this association was likely mediated by lower birth weight 

(24). Additionally, fertility treatments that moderately correlated with maternal age and 

inversely correlated with gestational age demonstrated a protective effect over myopia, 

decreasing the risk by almost 30% (173). Although women who underwent fertility 

treatments tended to have more factors predisposing to myopia, such as higher 

education and socioeconomic status, unexpectedly the relationship between fertility 

interventions and offspring myopic refraction remained significant even after 

accounting for potential confounders (173). The studies also found an association 

between maternal educational attainment and a child's refractive state. Higher 

maternal education correlated with myopia in the offspring (173), particularly in 

childhood but also persisting later in life (173). The relationship between maternal 

qualifications and a child's myopic refraction most likely reflected several other 

influences such as parental socioeconomic status, income, parenting, educational 

encouragement, and genetic factors shared between mother and offspring (173). 

Interestingly, paternal socio-economic factors, such as occupation, also appeared to 

influence a child's myopia risk. Non-manual paternal occupation increased the risk of 

overall, high-degree and early-onset myopias by 20%, 70%, and 80%, respectively, 

especially in early life (174). 

1.5.2.8  Other factors associated with myopia. 

Education, near work and reduced time outdoors, had been cited as major 

environmental stressors underlying pathogenesis of myopia, but several other less 

recognised lifestyle factors, such as diet, were also implicated in refractive error 

development. The hypothesis suggesting that dietary variations in protein, fat and 

cholesterol intake could be associated with refractive error and myopia was first 

introduced by Gardiner, who compared dietary habits of progressing and stable myopes 

and related increased intake of proteins and carbohydrates to stable myopia (175). 

More recent work reported rising prevalence rates of myopia in developing countries 



Chapter 1 | Introduction 

 55 

that adopted western diet (176) characterised by excessive consumption of food with a 

high glycaemic load. A high glycaemic load imposed chronic hyperglycaemia which was 

thought to induce myopic axial elongation by disrupting the retinoid receptor pathways 

and triggering scleral growth (176). This mechanism has been supported by more recent 

evidence from animal experiments (177–180) and some observational studies (181). 

Notably, the findings of several genetic investigations of high myopia also implicated 

insulin pathways (182–184). Interestingly, hyperglycaemia and poor metabolic control, 

but not insulin dosage were associated with myopia in a retrospective cohort of patients 

with diabetes type I (185). Further cross-sectional assessments had confirmed that 

myopia was more prevalent than hypermetropia in diabetic populations (186), however 

refractive changes in patients with diabetes were attributed to increased lens thickness, 

rather than scleral growth. Specifically, short-term fluctuations in blood glucose were 

shown to affect the refraction of the lens by altering osmotic pressure and contributing 

to the accumulation of fructose and sorbitol in the lens material (187). 

High glycaemic index diets have also been postulated to mediate the relationship 

between refractive error and weight. Early reports had documented a correlation 

between high body mass index and axial length (176,188). Obesity, in particular, was 

associated with 2.7 times greater odds of myopia in a cohort of Irish children with the 

relationship persisting even after other important factors such as sedentary lifestyle, 

daylight exposure and near-work were considered (189). This association with obesity 

was replicated in children of diverse ancestry (190,191) and partially explained by 

socioeconomic prevalence differences in paediatric myopia (191). 

The rise in myopia prevalence rates across different regions was mirrored by a similar 

epidemiological trend described for cardiometabolic disease (CVD) (181). Particularly, 

rapid urbanisation and associated lifestyle changes were believed to contribute to the 

rising prevalence of abdominal obesity, metabolic syndrome and diabetes type 2 (181). 

It was argued that the rapid socioeconomic transition and changing environment linked 

the cardiometabolic disease to the gradual population myopisation through interaction 
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with epigenetic factors and an underlying genetic susceptibility (181). In particular, 

sedentary lifestyles associated with education as well as hyperglycaemic diet fuelled 

increasing insulin resistance, which was a pathophysiological mechanism implicated in 

CVD and myopia (181). 

Similarly to morbidity structure, patterns of medication use also exhibited generational 

changes and could potentially influence the optic properties of the eye (192). The 

literature documented transient refractive errors induced by certain pharmacological 

agents (39). Furthermore, several classes of medications showed promise in arresting 

myopia progression (193). Evidence of varying strength was found for antimuscarinic 

agents, adenosine receptor antagonists and intraocular pressure-lowering drugs (193). 

Nonetheless, current pharmacological options are limited to atropine which slows 

down, but does not stop, myopia progression and has significant adverse effects (194). 

The investigations of systemic medication use in the general population in relation to 

refractive error could potentially help identify novel pharmacological candidates for 

myopia control and strengthen the evidence for medications that demonstrated 

effectiveness in animal models. Additionally, previous research illustrated the merit of 

examining medication-taking patterns to identify novel biological mechanisms involved 

in disease pathogenesis (195). Systemic medication use was shown to modulate the risk 

of glaucoma (196) and several useful biological insights were gained from these analyses 

(197), but for refractive error and myopia, the associations with commonly prescribed 

treatments haven't been examined. In Chapter 7, I explore the hypothesis that 

medication-taking in adulthood is related to spherical equivalent changes in the 

population. I also investigate whether refractive status at an earlier age could predict 

morbidity and medication use behaviours in adulthood.  
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1.6 Pathological changes and complications associated with 

myopia  

The rising prevalence of myopia is a global public health issue, not only due to direct 

economic costs and substantial social burden but also because of vision-threatening 

ocular complications and potential blindness (198). Progressive ocular globe elongation 

that accompanies myopia leads to ocular pathology and changes in the fundus (198). 

Myopia that results in degenerative changes of the eye collectively described as 

"pathological", "malignant", or "degenerative" myopia (198). Pathological near-

sightedness is defined as the following: "excessive axial elongation associated with 

myopia that leads to structural changes in the posterior segment of the eye (including 

posterior staphyloma, myopic maculopathy, and high myopia-associated optic 

neuropathy) and that can lead to vision loss" (6). 

Optic disc abnormalities are an early complication of myopia that develops in childhood 

and adolescence and progresses with myopia degree. Tilted appearance, as well as a 

temporal crescent, are tell-tale characteristics of a myopic optical disc (199) and 

clinically important for glaucoma diagnosis (198). Correlation with a myopic shift in 

adolescents and refractive error and axial length in adults suggests that the disc shape 

changes arise from the stretching of the ocular globe and axial elongation (200). During 

a myopic shift, the temporal sclera recedes and flattens, which causes the optic nerve 

to move towards a temporal direction (200). A high prevalence of optic nerve head 

changes (37%), but not macular abnormalities (0.1%) in myopic teenagers, indicates a 

temporal pattern of complications’ development. Based on this concept, optic disc tilt, 

chorioretinal thinning and disruption of RPE in the surrounding area develop first, 

followed by staphylomas and lacquer cracks and eventual formation of Fuchs' spot as 

well as chorioretinal atrophy in late adulthood (25). 

Increased axial elongation associated with myopia leads to mechanical stretching and 

thinning of both choroid and pigment epithelium with accompanying degeneration and 
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vascular changes (198). The most common chorioretinal abnormalities found in patients 

with myopia include lacquer cracks and retinal breaks, Fuch's spot, choroidal 

neovascularisation, posterior staphyloma and chorioretinal atrophy (198). 

Posterior staphylomas describe a bulging of the sclera in the posterior segment of the 

eye (fundus) with a curvature radius that is smaller than the radius of the adjoining 

eyewall (201). Staphylomas are the most characteristic finding of pathological myopia 

(202) and are associated with thinning and elongation of the local sclera which leads to 

deformity of the fundus. Posterior staphylomas are among other major causes 

contributing to the development and progression of myopic maculopathy also termed 

myopic macular degeneration (MMD) (203).  

Lacquer's cracks, Fuch's spot and chorioretinal atrophy are lesions that form in the 

posterior segment of the eyeball and represent different stages of myopic maculopathy 

(204). Myopic maculopathy starts with the development of tessellated fundus 

characterised by thinning of retinal pigment epithelium which makes choroidal vessels 

visible (204). The tessellated fundus is a typical early sign of myopia and can be observed 

in the eyes of highly myopic children (205). The tessellation of the fundus is followed by 

the development of diffused chorioretinal atrophy and lacquer cracks indicating 

progressive thinning of the choroid and retina (204). Diffused chorioretinal atrophy 

appears as a faint yellowish lesion around the optic disc that spreads with age and axial 

elongation, eventually covering an entire area within the staphyloma (204). The 

disproportionate thinning of the choroid compared to surrounding tissues is a key 

feature of the diffused chorioretinal atrophy, whereby the RPE layer and outer retina 

are not destroyed (204). By contrast, lacquer cracks affect deeper layers of the eyewall 

and represent healed mechanical breaks in the Bruch’s membrane, that divides choroid 

and RPE (204). Lacquer cracks, seen as yellowish thick linear patterns in the macula, can 

progress to other lesions, including patchy chorioretinal atrophy (204). This type of 

chorioretinal atrophy is recognised by greyish-white and well-defined lesions (204). 

Patchy chorioretinal atrophy leads to complete obliteration of RPE, outer retina and 
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most of the choroid, making sclera visible through transparent retinal tissue (204). 

Lacquer cracks and patchy chorioretinal atrophy predispose to choroidal 

neovascularisation (CNV) (206). CNV describes the growth of new blood vessels 

originating from choroid that extend to pigment epithelium or subretinal space through 

the breaks in the Bruch's membrane (207). CNV is a major cause of blindness and the 

most common sight-threatening complication of severe myopia (208–210). Fuch's spot 

is a pigmented lesion that forms during the scarring phase of CNV.  

Staphylomas and macular lesions are not common among children (204,211), as both 

increasing age and axial length affect their development and progression (204). The 

most common fundus findings in adult patients with high myopia include posterior 

staphylomas and chorioretinal atrophy (212,213). Among myopic adults aged 40 or 

older, staphylomas and chorioretinal atrophy were observed in 23% and 19.3% of eyes, 

respectively (212). Additionally, for each increase in myopic refractive error, the risk of 

staphyloma and chorioretinal atrophy subsequently increased by 48% and 56%, 

accordingly (212). Axial length was also associated with more frequent occurrence of 

staphylomas, chorioretinal atrophy, and lacquer cracks – for each additional millimetre 

of AL, the likelihood of developing these complications increased 2.08, 3.13 and 2.03 

times, respectively (212).  

Excessive axial elongation, increasing age and posterior staphylomas are the main risk 

factors predisposing to myopic macular degeneration (maculopathy), which is a 

significant cause of vision impairment. According to the 2000 epidemiological data, the 

global estimated prevalence of MMD-related visual impairment and blindness was 

0.07% and 0.02%, with 4.2 million and 1.3 million people affected, respectively (214). 

However, MMD complication rates were dependent on the prevalence of high myopia. 

For example, in Europe where the prevalence of severe myopia was lower than in the 

East-Asia, macular degeneration contributed to approximately 23% of blindness 

participants over 75 years old (215), while in Taiwan myopic degeneration accounted 

for 25% of all visual impairment cases and was the second common cause of vision loss 
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(216). However, the impact of myopic degeneration is expected to increase, and the 

prevalence of MMD-related visual impairment is projected to grow eightfold by 2050 

(214), because of decreasing spherical error and growing average axial length, increasing 

myopia prevalence in the population, and longer lifespan (214).  

While the rising myopia prevalence is a relatively new phenomenon, seen in more recent 

generations, the impact of complications may only become apparent in the upcoming 

decades, as high myopes age and are more likely to develop MMD and other ocular 

disorders (214). Moreover, undercorrected myopia is still an issue due to undiagnosed 

myopia and eye care inaccessibility in some parts of the world and is one of the primary 

causes of vision impairment (198). 

1.7 Refractive error correction methods 

The correction of refractive error is achieved by changing the trajectory of visible light 

as it enters the eye. Several correction methods are available for myopes today, 

including spectacles, contact lenses and techniques that reshape corneas such as 

photorefractive keratectomy, laser in situ keratomileuses (LASIK) and laser-assisted 

subepithelial keratectomy (214). Spectacles are the most common myopia correction 

method, but they are not always practical or cosmetically acceptable (214). Conversely, 

contact lenses are more invasive and have a higher risk of intolerances and 

complications (214). Refractive surgery is the most invasive method and may have 

different drawbacks, depending on the technique (214). 

1.8 Health disparities and potential for myopia-related loss of 

vision  

Different myopia correction methods are available and accessible in Europe and the US. 

However, in emerging economies in South and East Asia, where the highest prevalence 

of myopia is recorded, a vision impairment due to uncorrected refractive error is still an 

issue (217). Factors such as reduced health expenditure and resource scarcity contribute 
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to low vision correction rates in patients with myopia and can indirectly increase the risk 

of vision impairment (VI) and pathological complications (217). Spectacle coverage 

describes a percentage of individuals who had their vision corrected to normal levels, 

among those who require spectacles and can be used to assess the availability of vision 

correction methods (217). It was previously estimated that distance-vision spectacle 

coverage varied between 2% and 93% across 27 countries, where the data on vision 

correction was available (217). In countries with low spectacle coverage, high rates of 

vision impairment and MMD-induced blindness were attributable to concordant effects 

of high myopia prevalence and age distribution as well as limited resources (214). 

Vision impairment associated with either MMD or uncorrected myopia can significantly 

affect both quality of life and productivity (217). Few economic evaluations of the 

financial impact of uncorrected myopia exist to date but considering the increasing 

number of working-age individuals with myopic macular degeneration, a substantial 

burden on communities can be anticipated in the near future (217). Previous research 

demonstrated that uncorrected refractive error contributed to the global productivity 

loss of 202 billion USD that was also adjusted for country-specific employment rates as 

well as labour force participation (218). These estimates, however, included not only 

myopia but also hypermetropia and astigmatism and were based on refractive data from 

2007 (217). However, more recent evaluations published in 2018 suggest that impaired 

vision from uncorrected myopia resulted in a global productivity loss at 244 billion USD, 

whereby MMD-related VI caused a 6 billion USD productivity loss (217). Moreover, the 

greatest potential burden due to reduced productivity, as a proportion of economic 

activity, was identified in East, South and Southeast Asia (217).  

Uncorrected refractive disorders are one of the leading causes of VI and secondary 

blindness. The findings of the Global Burden of Disease Study suggest that in 2010 

uncorrected refractive errors contributed to 101.2 million and 6.8 million cases of 

moderate/severe VI and blindness, respectively (219). Likewise, they also negatively 

influenced productivity, educational attainment and quality of life (218,220). There are 
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considerable disparities in the prevalence of uncorrected refractive disorders. In 

particular, the estimated prevalence rates of uncorrected refractive error were 10%, 

15%, 21% in the Australian populations of European (221), Hispanic (222) and Chinese 

(223,224) ancestries, respectively. In addition, according to data from the 2013 Global 

Burden of Disease, uncorrected refractive errors contributed to 11.3 million disability-

adjusted life years (DALYs) (225), which predominantly affected female patients 

(226,227).  

Factors such as limited income and lack of financial decision-making authority, limited 

access to eye care and services, shortage of ophthalmologists impede refractive 

correction in less developed economies and lead to significant regional and gender 

disparities (226). Tackling these differences may help reduce the prevalence of 

uncorrected refractive disorders and subsequently prevent avoidable blindness. 
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Refractive errors, and especially myopia, are among the leading causes of visual 

impairment and blindness worldwide. The prevalence of myopia has increased significantly 

over the past three decades, particularly in East Asia, but is also on the rise in Europe, 

Australia and the United States of America (214). Myopia is caused by progressive axial 

elongation that leads to irreversible changes in the sclera and retina and can cause 

blindness. Currently, there are no effective treatments against myopia onset and 

pharmacological options slowing disease progression are limited (228), and although 

research had implicated several lifestyle factors potentially influencing the development of 

refractive errors (14), their pathophysiology is not fully understood. Refractive error is a 

complex trait and to prevent or delay its' onset or to develop effective therapies, a better 

understanding of genetic and environmental factors is required. 

Refractive errors, and myopia, develop as a result of a complex interplay between an 

individual's genetic liability and environmental exposures. Twin studies demonstrated high 

heritability of refractive disorders ranging between 60% and 90% (71). Previously, more 

than 140 distinct loci were reported in association with the refractive error in the 

population. However, known susceptibility variants predicted less than 8% of the variance 

(110). More loci remained to be associated with refractive error, which would help build 

better myopia prediction models and better characterise molecular mechanisms leading to 

refractive disorders. Additionally, elucidation of the age-specific effects of these genes 

could potentially help understand which genotypes lead to early-onset myopia. This 

information could be utilised to detect children at high risk before they develop refractive 

errors and use prevention strategies to inhibit myopia onset. 

Although larger SNP-array based GWAS have narrowed the gap between trait heritability 

and variance explained by common SNPs, they will be unable to adequately assess the 

contribution of rare variants. Previously, rare genetic associations were examined using 

family linkage design and candidate gene investigations of familial forms of severe myopia. 

However, the results obtained from these studies were rarely replicated and generally did 
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not overlap with genetic factors influencing the population's refraction (100). The release 

of extensively phenotyped exome sequencing projects such as UK Biobank provides an 

opportunity to study the impact of rare markers on complex traits, such as refractive error.  

Accumulating evidence suggests that the pathogenesis of refractive errors is intertwined 

with other chronic health conditions (181,229). The investigations of morbidity structure 

and patterns of medication use could potentially unveil biological mechanisms shared 

between refractive disorders and other diseases and pathologies.  

This thesis will examine genetic and environmental factors influencing the development of 

refractive errors and myopia primarily using data from the UK Biobank cohort with 

additional collaborative analyses with a personal genomics company 23andMe and 

Consortium for Refractive Error and Myopia (CREAM). 

Aims:  

1. To use genetic association to elucidate the biological mechanisms underlying 

refractive development and assess the utility of the polygenic risk prediction models 

to predict myopia in populations of diverse ethnicity. 

2. To identify genetic risk factors that are associated with the age of refractive error 

onset, using the age of first spectacle wear. 

3. To evaluate associations between systemic medication-taking and refractive error.  

The work presented in this thesis incorporates publications. The methodology and 

statistical analyses that were used in studies included in the thesis are described in Chapter 

3. In Chapter 4, I present the findings of the largest to date genome-wide meta-analysis of 

refractive error that analysed genetic data from more than half of a million participants of 

European descent. I report on the utility of identified loci for myopia prediction and discuss 

the evidence of implicated molecular mechanisms. In Chapter 5, I explore the influence of 

rare genetic variance on the population’s spherical equivalent and shed a light on novel 

genetic associations, not documented in prior GWAS. Chapter 6 includes the results of 
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genome-wide time-to-event analyses of the age of first spectacle wear which yielded 

several new genetic associations with age-at-onset of refractive disorders and showed that 

effects of many myopia genes varied with age. In Chapter 7, I examine the relationship 

between medication-taking behaviours and refractive error and using these insights 

uncover novel mechanisms involved in the pathogenesis of refractive disorders. Chapter 8 

draws together the findings of the investigations that contributed to this thesis and 

discusses the general implications of their results.  
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3.1 Introduction 

This chapter will introduce cohorts and the methodology used throughout this thesis. 

The descriptions provided here will be general, with more contextual detail briefly given 

in the different chapters on the different research projects that are part of this thesis.  

3.2 Cohorts' description 

3.2.1 UK Biobank cohort  

The UK Biobank is a prospective cohort study that includes 502,682 individuals, all 

United Kingdom residents, aged 40 and 69 years at recruitment (230). The participants 

were recruited between 2006‒2010 via the UK National Health Service based on their 

living proximity to the 22 assessment centres (230). The volunteers provided extensive 

phenotypic and genotypic data. At recruitment, study subjects signed an electronic 

consent form, filled in an electronic questionnaire that included inquiries about socio-

demographic, lifestyle and health-related factors and participated in physical 

assessments (230). The baseline physical assessments comprised blood pressure, 

handgrip strength, anthropometry, spirometry and heel bone density measures (230). 

The participants were also interviewed by the trained nurses who collected additional 

phenotypic data on lifestyle and environmental exposures (230). Blood, urine and saliva 

samples were collected and stored to allow the use in different assays such as 

proteomic, genetic and metabonomic analyses (230). After the recruitment stage was 

completed, additional assessments were introduced, including ophthalmologic 

examinations (230).  

3.2.1.1  Refractive error assessment  

A subsample of 117,279 (23%) volunteers from the UK Biobank cohort participated in a 

comprehensive ophthalmic examination that included the assessment of refractive 

error (231). Individuals that reported a current eye infection or underwent ocular 
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surgery in the preceding four weeks were not eligible for examination (231). The 

measurement of non-cycloplegic autorefraction was performed by Tomey RC 5000 auto 

refractometer (Tomey Corp., Nagoya, Japan) (231). The assessments were carried out 

on the right eye first, with up to 10 tests for each eye (231). The most representative 

results were selected based on autorefractor reliability score and used to calculate the 

mean spherical equivalent (sphere + ½ cylinder power) for each study participant (UK 

Biobank data field numbers: 5084-5085; 5086-5087) (231). 

Following previously published methods, some of the study participants were removed 

from subsequent analyses (231). Individuals were excluded if they reported cataracts 

with mild myopia, LASIK, glaucoma, vitrectomy or any other eye surgery or bilateral and 

unilateral eye injury that resulted in vision loss. However, the refractive error 

measurements in the intact eye were still included (231).  

3.2.1.2  Demographic factors  

Education  

The information on participants' education was collected using touch-screen 

questionnaires (Field number: 6138). The study subjects were asked to specify their 

qualifications by picking one of the six suggested response categories: 

"College/University", "A levels/AS levels or equivalent", "O levels/GCSEs or equivalent", 

"CSEs or equivalent", "NVQ or HND or HNC or equivalent", "Other professional 

qualifications e.g.: nursing, teaching". The years of education were quantified from self-

reported data on professional qualifications following previously published methods 

(232). The response categories were transformed according to the International 

Standard Classification of Education (ISCED): none of the above (no qualifications) = 7 

years of education; CSEs or equivalent= 10 years; O levels/GCSEs or equivalent = 10 

years; A levels/AS levels or equivalent = 13 years; professional qualifications = 15 years; 

NVQ or HNC or equivalent = 19 years; college or university degree = 20 years of 

education. 
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3.2.1.3  Townsend deprivation index 

The Townsend deprivation index measures a level of material deprivation in the 

geographical area, based on four census variables: unemployment, car and house non-

ownership and household overcrowding (233). The Townsend deprivation index 

negatively correlates with social deprivation, with the higher scores representing higher 

levels of destitution.  

The Townsend deprivation index was administered to the UK Biobank participants 

immediately before the enrolment (Field number: 189) (230). The deprivation scores 

were calculated based on the preceding national census output areas, and each subject 

was assigned a score corresponding to their postcode area (234).  

3.2.1.4  Medical history and medication use  

The information on medication use was collected via electronic questionnaires and face-

to-face interviews with a trained nurse (Data field: 20003) (195). The data on treatments 

dosages and duration were not recorded (195). First, the participants were asked if they 

were taking any medications and then prompted to select the matching names from the 

questionnaire list (195). The use of over-the-counter drugs, vitamins and supplements 

was only documented in the touchscreen questionnaire, and this information was not 

mentioned again unless the participant forgot to answer the question about medication-

taking. The interviewer, a trained nurse, recorded over the counter and prescription 

treatments by entering the trade and generic names into the Search facility and 

selecting from the list of possible matches. The nurse recorded only regular prescription 

medications defined as treatments taken weekly, monthly or every three months.  

The matching of available generic and trade names to the active ingredients was 

performed by searching the electronic medicine compendium, available at 

https://www.medicines.org.uk/emc/. Only pharmaceutical drugs reported by at least 10 

participants of European descent were selected for the subsequent analyses. The 

https://www.medicines.org.uk/emc/
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analyses did not include topical treatments or herbal and homoeopathic medicines and 

were limited to eye drops, inhalers and medications taken systematically. When the 

treatments contained more than one ingredient, each one of them was added to the 

count of medications with the same specific ingredient. The polypharmacy was 

described as a self-reported intake of 5 more treatments at the time of the baseline 

assessment.  

The medical history was ascertained from hospitalisation episode statistics, recorded 

according to the tree of International Classification of Diseases, Tenth Revision (ICD-10) 

codes (231) (Field number: 41270). The dataset comprised 2,779,598 records and 

7,719,358 diagnoses with at least 1 record available for 395,978 participants (231). The 

ICD-10 list was compiled by the World Health Organisation and followed a hierarchical 

structure, covering 19,155 clinical terms (231). Each hospitalisation episode in the 

dataset was annotated with a primary diagnosis associated with an event and if 

necessary one or several secondary diagnoses (231). Disease outcomes were treated as 

binary traits and generated by combining primary and secondary diagnostic annotations 

(231). By default, study participants were considered to be unaffected by a given 

diagnostic term (ICD10 code) unless there was a reported diagnosis in any of the 

different fields (231).  

3.2.1.5  Array data 

Genotyping was performed on 488,377 UK Biobank cohort participants (230). The 

extracted DNA was genotyped using two similar and compatible platforms – Applied 

Biosystems UK BiLEVE Axiom Array capturing 807,411 genetic markers and Applied 

Biosystems UK Biobank Axiom Array covering 825,927 genetic markers. Approximately 

95% of genetic markers were shared between the two platforms. Applied Biosystems 

UK Biobank Axiom Array specifically included genome-wide genetic variation as well as 

deletions and short insertions. The markers were selected based on their clinical 

relevance or potential role in disease pathogenesis. Additionally, the array covered a 
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wide range of indels, including minor allele frequencies and rare variants, markers with 

good genome-wide imputation coverage of common (MAF > 5%) and rare (MAF 1-5%) 

variants in European populations. 

The genotyping of extracted DNA was performed centrally (230). The blood samples 

collected from participants during the visit to the assessment centre were processed in 

106 sequential batches of approximately 4,700 samples each. A custom genotype calling 

pipeline and quality control filtering procedures were developed to handle the novel 

genotyping arrays as well as genotyping experiments. As a result of custom genotype 

calling 812,428 unique markers were called, including indels and biallelic SNPs and 

further filtering procedures were applied to improve their quality (230).  

The quality control pipeline was developed to account for genotyping issues that might 

have been potentially caused by the use of slightly different arrays, batch effects as well 

as diverse ethnic background of the study participants. Approaches incorporating 

principal component analysis were used to control for population structure in both 

sample and marker quality control (230).  

Genetic markers of poor quality were identified by running statistical tests checking for 

significant differences in experimental factors, including batches and arrays (230). As a 

result of the quality control procedures, 0.97% of calls were set to missing. The quality 

of samples was assessed based on the rate missingness and metrics of heterozygosity 

adjusted for population structure, which resulted in 0.2% of all samples being marked 

as potentially problematic. The discrepancies between reported and biological sex 

ascertained from X and Y chromosomes marker intensity were also checked. Based on 

measured X and Y chromosomes intensities, 652 genotyped individuals presented with 

sex chromosomes karyotypes that differed from XX or XY combinations. After genotype 

calling and quality control procedures, the final dataset covered a total of 805,426 

markers and included 488,377 samples (230).  
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The phasing of autosomes was preceded by haplotype assessment for the whole cohort 

and a subsequent haploid imputation (230). In the pre-phasing step, genetic markers 

that did not pass quality control in more than one batch and had missingness greater 

than 5% or estimated allele frequency below 0.0001 were removed. Samples that were 

identified as outliers in relation to the population-adjusted heterozygosity and excessive 

missingness were also excluded. Consequently, 670,739 markers and 487,442 samples 

were used in autosomal phasing. The phasing of autosomes was carried out by the 

SHAPEIT3 program that was modified to process large datasets. The 1000 genomes 

reference panel was selected to phase the sample of European and non-European 

ancestry. Moreover, a new divisive clustering algorithm was developed to detect 

haplotype clusters and calculate Hamming distances between the haplotype pair within 

each cluster. Consequently, Hidden Markov Model only included haplotypes in each 

cluster to estimate surrogate family copying states (230). 

Imputation was carried out using Haplotype Reference Consortium (HRC) data as a 

primary reference panel, but also merged 1000 Genomes phase 3 and UK10K reference 

panels. HRC data contained more than 39 million SNPs from broadly European 

haplotypes, whereas a merged panel had 87,696,888 bi-allelic markers (230). Only 

markers that were shared between HRC and 1000 genomes/UK10K datasets were 

selected for imputation; therefore, a final dataset covered 93,095,623 autosomal SNPs 

in conjunction with large structural variants and indels in a total of 487,442 study 

participants. Additionally, 3,963,705 genetic markers on the X chromosome were also 

imputed (230). 

3.2.1.6  Whole-exome sequencing data 

The whole-exome sequencing data were, at the time of writing, available for 200,643 

UK Biobank participants (235). Individuals who had more complete data, such as 

baseline measurements, magnetic resonance imaging, hospital episodes/primary care 

records, were prioritised for the sequencing. The whole–exome study sample was 
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representative of the general UK Biobank cohort for sex, age and ancestry, but was 

enriched for hospital episode statistics codes and physical measures, such as eye and 

hearing assessments, electrocardiograms (235).  

Exome sequencing was performed on IDT x Gen Exome Research Panel v1.0 modified to 

include supplemental probes (236). The panel targeted 39Mb of the human genome and 

covered 19,396 genes on autosomal and sex chromosomes (236). The targeted regions 

included 38,997,831 bases and 10M variants, with coverage surpassing 20X at 95.6% of 

sites. The targeted regions contained 8,086,176 SNPs and 370,958 indels, 1,596,984 

multi-allelic variants. Approximately 84% of 8M sequenced SNPs were coding variants 

comprising 4,549,694 (53.8%) missense, 2,139,318 (25.3%) synonymous and 453,733 

(5.4%) predicted loss-of-function variants (LOF) that altered at least one coding 

transcript. Almost 99% of all synonymous, missense and nonsynonymous markers had 

minor allele frequency below 1%. The median number of missenses, synonymous and 

loss of function variants per individual was 7,724, 8,586 and 702, respectively. 

Additionally, 18,045 genes with heterozygous LOF variants and 1492 genes with 

homozygous LOF markers were observed. 

3.2.2 23andMe 

Study participants 

Participants from 23andMe, a personal genomics company, contributed extensive self-

reported data on lifestyle factors, family background and disease history (29,99). The 

study subjects signed informed consent and filled in electronic questionnaires following 

the approved protocol that was reviewed and received approval from Ethical & 

Independent Review Services (http://www.eandireview.com). Myopia cases were 

identified based on self-reported refractive status (29,99). Controls were participants 

that did not report myopia. 

Genotyping 

http://www.eandireview.com/


Chapter 3 | Methods 

 75 

Genotyping was done on one of the four platforms (29,99). The V1 and V2 contained 

560,000 genetic markers from the Illumina HumanHap550+ BeadChip of which 25,000 

were customary to 23andMe. The V3 platform included 950,000 SNPs from Illumina 

OmniExpress+ BeadChip that improved overlap with V2 (29,99). The V4 platform was a 

fully custom array covering 570,000 variants, constituting of low redundancy markers 

from V1 and V2 and lower frequency coding SNPs. Samples with a call rate below 98.5% 

were reanalysed. The GWAS was restricted to the sub-sample of the study participants 

of European descent as ascertained through local ancestry analysis. The ethnic 

categorisation was carried out by partitioning phased genomic information into 

windows of 100 variants and matching individual haplotypes to one of the 30 reference 

populations. The classifications were then entered into a hidden Markov model that 

controlled for assignment and switch errors and calculated probabilities for each 

population at each partition. The population reference data was obtained from publicly 

available databases, specifically 1000 Genomes, Human Diversity Project and HapMap, 

and the self-reported family history of four grandparents from the same country. A 

segmental identity-by-descent (IBD) estimation algorithm was used to identify a subset 

of unrelated subjects. The relatedness was defined as sharing more than 700 cM IBD 

(26,233). In male participants, autosomal non-pseudoautosomal regions were treated 

as pseudo-autosomal diploids (29,99). 

3.2.3 GERA  

Study Participants  

The Genetic Epidemiology Research in Adult Health and Aging (GERA) cohort included 

110,266 participants, all members of the Kaiser Permanente Research Program on 

Genes, Environment and Health (RPGEH) (237). This program recruited patients from 

Kaiser Permanente Northern California integrated health care delivery system and 

collected longitudinal health records, including eye examinations. The study sample 

comprised 34,998 non-Hispanic adults of European ancestry aged 35 and older who 
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participated in spherical equivalent assessments conducted between 2008 and 2014 

(237). Refractive error was measured as mean spherical equivalent, using a standard 

formula equal to the sphere + ½ cylinder (294). Subjects with a history of cataract and 

refractive surgery as well as diagnosis of keratitis or corneal diseases were not advanced 

for the subsequent analyses (237). The study protocols received approval from the 

Institutional Review Board of the Kaiser Foundation Research Institute (237).  

Genotyping  

The DNA extraction from Oragene kits (DNA Genotek Inc., Ottawa, ON, Canada) was 

performed at Kaiser Permanente Northern California facilities while genotyping was 

handled by the Genomics Core Facility of the University of California, San Francisco 

(UCSF) (99). The genotyping panel based on Affymetrix Axiom arrays (Affymetrix, Santa 

Clara, CA, USA) covered 665,000 SNPs (99). The observed initial genotyping call rate 

exceeded 97%, while allele frequency discrepancies between males and females were 

less than 15%. SNPs with call rate < 90% and allele frequency < 1% were dropped, 

resulting in 98% of assayed genetic markers and 97% of samples passing QC (99). The 

QC procedures were followed by prephasing in SHAPEIT2 (238), and subsequent 

statistical imputation of additional variants from the multi-ethnic 1000 Genomes Project 

reference panel as implemented in IMPUTE2 v2.3.0 (239). Based on IMPUTE2 info r2, 

measuring the correlation between true and imputed genotype (239), markers with r2 

<0.3 and minor allele count < 20 were removed. 

3.2.4 CREAM Consortium 

Study participants 

The Consortium for Refractive Error and Myopia (CREAM) study sample comprised 

41,793 adults of European descent aged 25 or older. Several measurements of refraction 

and spherical equivalent were used across consortium cohorts (110). Individuals with 

ocular conditions that could potentially alter the measurement of refractive error, such 

as LASIK and cataract surgery, vitrectomy and keratoconus or other systemic eye 
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diseases, were removed from the analyses (110). The studies conducted in the UK were 

not part of the meta-analysis described in this thesis due to sample overlap. Written 

informed consent was obtained from all CREAM participants and the studies received 

approval from relevant local review boards and medical ethics committees (110). Each 

cohort applied appropriate recruitment strategies and methods of ascertainment that 

varied across the studies (110). More detailed information about phenotyping methods 

is given in Table 1  

Genotyping and imputation  

Consortium cohorts were genotyped on one of the two platforms – the Illumina or 

Affymetrix (Table 1) (110). The genotypes were imputed against the 1000 Genomes 

Project (Phase I version 3, March 2012 release) ethnically matched reference panel with 

IMPUTE (240) or minimac (241). 

Samples with discrepancies between clinical and genotyped sex and evidence of non-

European ancestry were dropped (110). Pre-imputation QC criteria varied across the 

cohorts, but genotype call thresholds were set to values above 95% (110) 

Exome chip genotyping  

The European CREAM cohorts were genotyped separately using either the Illumina 

HumanExome-12 v 1.0 or v 1.1 array but were jointly recalled to improve calling accuracy 

for genetic markers with a minor allele frequency (MAF) ≤ 0.01. Recalling genotypes 

simultaneously across all study samples allowed to call rare variants with a more discrete 

distinction between allele calls and sensitivity for low-frequency loci. The data recalling 

was performed in GenomeStudio® v2011.1 (Illumina Inc., San Diego, CA, USA). Nine, 

predominantly European studies and one Singapore Indian investigation (SINDI) were 

aggregated into a single cohort (N = 11,505).
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Cohort 
Name  Phenotyping method Genotyping chip 

ALIENOR Autorefractor Luneau SPEEDY K  Illumina Human 610-Quad BeadChip  

ANZRAG 
Refractive details were obtained from clinical 
notes  Illumina Omni 1M/Illumina Omni Express 

AREDS Subjective Refraction Illumina HumanOmni2.5-4v1_H array  

BMES Autorefractor Zeiss Humphrey‐530  Illumina 670 Quad Custom Chip  

BATS Autorefractor Zeiss Humphrey‐598  Illumina HumanHap 610-Quad array  

Croatia-
Korcula  Auto Ref/Keratometry NIDEK ARK30  Illumina 370CNV-Quad v1 BeadChip 

Croatia-Split  Auto Ref/Keratometry NIDEK ARK30  Illumina 370CNV-Quad v3 BeadChip and OMNI  

Croatia-Vis  Auto Ref/Keratometry NIDEK ARK30  Illumina HumanHap300 v1.0 BeadChip  

DCCT Subjective Refraction Illumina Human-1M BeadChip 

EGCUT Eyeglasses prescriptions Illumina Omni Express 

ERF Topcon RM-A2000 autorefractor  Illumina 6K, 318K, 350K, 610K, Affymetrix 250K  

FECD Subjective Refraction HumanOmni2.5-Quad BeadChip 

FITSA TOPCON AT Illumina HumanCoreExome 

Framingham Subjective Refraction 
Affymetrix Mapping500K (Nsp & Sty) + 50K 
HumanHap supplement 

Gutenberg 
Health 
Study 1 Zeiss Humphrey® Automated 

Refractor/Keratometer (HARK) 599™ 
Affymetrix Genome-Wide Human SNP Array 6.0 

Gutenberg 
Health 
Study 2  

KORA Nikon Retinomax and Eyeglasses prescriptions  Illumina Omni 2.5/Illumina Omni Express  

OGP Talana  Autorefractor Topcon RK-8100 Affymetrix GeneChip Human Mapping 500K   

Rotterdam 
Study I  

Topcon RM-A2000 autorefractor  

HumanHap 610-Quad BeadChip 

Rotterdam 
Study II Illumina HumanHap 550-Duo v3 BeadChip  

Rotterdam 
Study III  Illumina HumanHap 610-Quad BeadChip  

TEST Autorefractor Zeiss Humphrey‐598  Illumina HumanHap 610-Quad BeadChip  

WESDR WESDR Illumina Omni1-Quad BeadChip 

YFS NIDEK AR-310AR autorefractor Illumina 670K Custom Array 

Table 1 Phenotyping and genotyping methods in CREAM non-UK European cohorts. Data extracted from Tedja et al (110). 
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3.2.5 TwinsUK 

The TwinsUK registry was established in 1993 and includes 14,010 twins who are 

predominantly older age women of European descent recruited throughout the UK 

(242). The volunteers were recruited using successive media campaigns without 

prioritising specific diseases or traits. At the time of recruitment, participants were not 

aware of the future eye studies and provided informed consent under a protocol 

approved by a local research ethics committee (EC04/015). Twins were seen at the 

clinical facilities of the Department of Twin Research and Genetic Epidemiology, King's 

College London, where blood and urine samples were collected, and comprehensive 

phenotyping assessments of twins were carried out. The zygosity was ascertained using 

a standardised questionnaire completed by twins. When there was uncertainty about 

zygosity status, it was confirmed by genotyping.  

Over 6,000 twin subjects participated in the ophthalmic examination, including the 

assessment of refractive error (243). Non-cycloplegic autorefraction (ARM-10; Takagi 

Seiko, Japan), was calculated as a mean spherical equivalent, taking the average reading 

of both eyes. If only one eye was available due to surgery or inability to perform the test 

in another eye, then the reading from the good eye was used to calculate spherical 

equivalent. The exclusion criteria were self-reported cataract, refractive or any other 

eye surgery and any eye pathologies that could alter refractive error (243).  

Whole-genome sequencing  

A subset of 2,377 participants was selected for whole-genome sequencing performed 

on an Illumina HiSeqX sequencer, utilising a 150-base paired-end single-index read 

format (244). The reads mapping was done against the hg38 reference panel, and the 

variants were called using ISIS Analysis Software (v. 2.5.26.13; Illumina). Sequencing 

data coverage > 30× was achieved for 2,377 samples (245). Genomes with a high ratio 

of heterozygous to homozygous variant genotypes were removed. Additionally, 
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genomic analyses were restricted to individuals of European ancestry which was verified 

with ADMIXTURE (246). All genomes were required to be predominantly European 

(70%). The prediction of family relationships, including parent-offspring trios and twin 

pairs, was carried out in RelateAdmix (247). Samples with inconsistencies between self-

reported and predicted family relations were dropped, resulting in the final set of 1,960 

subjects of whom 383 and 522 were DZ and MZ twins, respectively (244). Multiallelic 

variants were converted to biallelic variants, whereas indels were left-aligned. Missing 

genotypes were imputed with reference homozygous calls. A high-confidence genome 

region was determined by identifying positions with a call rate greater than 90% by using 

three sets of randomly sampled 100 genomes. Duplicated variants and variants outside 

a high-confidence genome region were removed (244).  
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3.2.6 BDES 

Study participants  

The Beaver Dam Study (BDES) – an epidemiological investigation of ocular diseases that 

included adult residents of Beaver Dam, Wisconsin (248). At the baseline, examination 

participants completed a personal history questionnaire and participated in an eye 

exam, including the assessment of refractive error (249). Non-cycloplegic refraction was 

measured with the Humphrey 530 refractor (Humphrey Instruments Inc., San Leandro, 

CA) and for each study, subject mean spherical equivalent was calculated by taking the 

average of the right and left eyes refractive error (249). Following quality control 

procedures, individuals with significant spherical error differences between left and 

right eyes as well as one participant from each first and second-degree relative pair and 

subjects with missing phenotype and covariate data were excluded, resulting in the final 

sample size of 874 participants (249). 

Exome chip genotyping  

A subsample of 2,032 from BDES was genotyped using Illumina Infinium HumanExome-

12 v1.1 BeadChip (Illumina, Inc., San Diego, CA) exome array (249). A total of 1,908 

individuals were successfully genotyped with a call rate > 95%, however, following 

quality control procedures, some of them were subsequently removed due to 

unresolved sex discrepancies, Mendelian errors as well as duplicated samples (249). 

Moreover, 12 additional individuals were excluded because of non-European ancestry 

as ascertained from principal component analysis (249). 

Genetic variants were filtered if they were nonautosomal, exhibited poor call rates (< 

98%) or showed evidence of deviation from Hardy–Weinberg Equilibrium (p-value < 1.0 

× 10−6); monomorphic, indel and duplicated markers were also removed, which resulted 

in 1,871 subjects and 95,376 genetic markers being advanced for imputation against 

HRC reference panel (249). The imputation was performed using SHAPEIT version 2 and 
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Minimac version 3 (238,250–252). A total of 1,024,985 predominantly exonic markers 

passed the imputation threshold of R2 threshold ≥ 0.6 and were selected for association 

analyses (249). 

3.2.7 EPIC 

Study participants  

The European Prospective Investigation into Cancer study is a pan-European project 

investigating the course of several chronic diseases (253,254). EPIC-Norfolk, one of the 

EPIC UK studies, recruited and conducted baseline assessments on 25,639 volunteers 

between 1993 and 1997 (253,254). The participants were residents of Norwich and 

surrounding areas selected via the National Health Service registry. Ophthalmic 

examinations, which were part of third visits, formed EPIC-Norfolk Eye Study, conducted 

between 2004 and 2011 (253,254). The study sample comprised 8,623 individuals for 

whom spherical refraction was available (253,254). Autorefraction was performed by a 

Humphrey Auto-Refractor 500 (Humphrey Instruments, San Leandro, California, USA). 

All study subjects gave written informed consent (253,254). The study received ethics 

approval from East Norfolk & Waveney NHS Research Governance Committee 

(2005EC07L) and the Norfolk Local Research Ethics Committee (05/Q0101/191) 

(253,254).  

Genotyping and imputation 

A total of 7,117 participants were genotyped based on the Affymetrix UK Biobank Axiom 

Array (253,254). SNPs exclusion criteria were observable batch effects across 

genotyping plates, significant deviation from Hardy-Weinberg equilibrium (p-value< 10-

07), low call rates and poor clustering. Samples with poor genotyping rates, sex 

inconsistencies, abnormal heterozygosity or identity-by-descent values, as well as third-

degree or closer relatives, were dropped (253,254). The data pre-phasing was done in 
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SHAPEIT (version 2) (251), followed by imputation against the Phase 3 build of the 1000 

Genomes reference (255). 

3.2.8 SCORM 

Study participants  

Singapore Cohort Study of the Risk Factors of Myopia (SCORM) is a prospective 

longitudinal cohort of Singaporean children aged 7-9 at recruitment, who were recruited 

from three schools between 1999 and 2001 (256). The study received ethical approval 

from Ethics Committee, Singapore Eye Research Institute and followed the tenants of 

Helsinki (256). The written informed consent was obtained from students’ parents. The 

schools were sampled based on the National examination results to ensure the inclusion 

of children with different overall academic performances (256). Two schools located in 

the north-eastern and south-eastern regions of Singapore joined the study in 1999, and 

in 2001 the cohort was expanded to include an additional school located in the western 

part of the city (256). All 2186 eligible children were invited to participate in the study; 

of them, 81 were excluded due to serious illnesses, or ocular disorders such as 

syndromic myopia and congenital cataracts or allergy to eye drops, resulting in the final 

sample of 1979 individuals (256). 

Annual eye examinations were performed on schoolchildren during a 7-year follow-up 

period with the final visit in 2007 (256). The assessments of cycloplegic refraction were 

conducted at each visit. Pupil dilation was induced by the topical administration of 3 eye 

drops of cyclopentolate hydrochloride at 5-minute intervals (256). Cycloplegic 

autorefraction measurements (model RK5; Canon, Inc., Ltd., Japan) were obtained at 

least 30 minutes after the last drop instillation (256). Spherical equivalent was calculated 

using a standard formula equal to sphere plus half of the cylinder (256). The study 

participants were categorised into groups of moderate (−3.00 D to > −5.00 D) and high 

myopes (≤ −5.00 D) based on their refractive status (256). The assessments of axial 

length were performed using contact ultrasound biometry (probe frequency of 10 Mhz; 
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Echoscan model US-800; Nidek Co., Ltd., Tokyo, Japan) following instillation of 1 drop of 

0.5% proparacaine (256). 

Additional data on lifestyle factors were reported by students' parents who completed 

an eight-page questionnaire two weeks before the baseline assessments (257). The 

parents were asked to specify the number of books their children read per week and if 

parents wore spectacles/lenses to correct near-sightedness (257). Time spent outdoors 

was self-reported by study subjects who completed the Sydney Myopia Study 

questionnaire. Time outdoors was defined as the sum of leisure and sports activities and 

was documented separately for school weekdays and weekends (258). 

Genotyping  

A total of 1004 children were genotyped using the Illumina HumanHap 550 or 550 Duo 

Beadarrays with more than half of genotyped subjects (57.4%) participating in the final 

follow-up examination (259). Following quality control procedures rare SNPs (MAF< 

0.05), and variants that demonstrated high missingness (call rates < 95%) and violated 

Hardy-Weinberg equilibrium (p-value (HWE p-value < 10−6) were dropped from the 

analyses (260). Additionally, variants that exhibited substantial allele coding and 

frequency deviations (> 0.20) from East Asia (EAS) reference population in the 1000 

Genomes reference panel were also excluded (260). The ancestry was ascertained by 

combining participants' genotypes with data from the 1000 Genomes panel which was 

based on 2504 individuals from 26 populations (260). Multidimensional scaling analysis 

was conducted on the sample of 3508 participants and included 568,974 HapMap3 SNPs 

that passed quality control filters (MAF < 0.05; call rate < 0.01 and HWE p-value < 10-6) 

(260). The SNPs were pre-phased with SHAPEIT version 2.837 based on family trio 

information. The imputation was performed against the 1000 Genomes reference panel 

using the "PBWT, no pre-phasing" pipeline (260). Non-monomorphic, biallelic imputed 

variants with MAF > 0.05, INFO > 0.5 and HWE p-value > 10-6 were selected for the 

inclusion (260). 
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3.2.9 STARS 

Study participants  

Strabismus, Amblyopia and Refractive Error Study (STARS) is a population-based survey 

of ocular diseases in Chinese families with children aged 6 and 12 months (53). Eligible 

participants were recruited using household registry records obtained from the Ministry 

of Home Affairs (53). The selection of the families residing in the Southwest region of 

Singapore was performed using a disproportionate stratified random sampling method 

based on the six-month age increments (53). Following the exclusion criteria, enrolees 

with chronic medical conditions or those who had not lived at the registered address for 

at least five months or changed the living address were excluded from the study (53). 

The invitations to participate in the survey were sent by mail and were followed by door-

to-door visits from trained interviewers administering comprehensive questionnaires 

(53). The questionnaires contained inquiries about demographic and lifestyle factors, 

medical and ocular history of the family (53). Of 4162 children selected from the 

household registry and invited to participate, 3009 (72.3%) were enrolled in the study 

(53). Eye examinations were conducted between May 2006 and November 2008 in two 

speciality eye hospitals: Singapore National Eye Centre (SNEC) and the Jurong Medical 

Centre hospitals (53).  

Comprehensive eye tests were performed by trained ophthalmologists, orthoptists or 

optometrists and included among others the assessment of refractive error (53). The 

measurement of cycloplegic objective refraction was carried out based on the 

participants' ability to complete ocular examination (53). Refractive error in subjects 

aged 24 to 72 months was measured using an autorefractor (Autorefractor RK-F1; 

Canon, Tokyo, Japan), while for participants aged 12-24 months autorefraction was 

performed using a hand-held device (Retinomax K-Plus 2; Nikon, Tokyo, Japan) (53). 

Streak retinoscopy was performed for children younger than 12 months or in instances 

of autorefractor test failure (53). 
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Genotyping 

The genotyping of DNA samples was performed using Illumina Human610 Quad 

Beadchips (Illumina Inc., San Diego, USA)(261). The samples with call-rates < 95%, 

evidence of excessive heterozygosity, cryptic relatedness or deviation in population 

structure were removed (261). Quality controls filters for genetic variants included MAF 

< 1%, per-SNP call rate < 95% and Hardy–Weinberg equilibrium < 10-6. To ascertain the 

population structure the principal component analysis was carried out by the 

EIGENSTRAT program (261). The genotypes that passed the quality control procedures 

were advanced for imputation against 1000 genomes phase 1 cosmopolitan panel 

haplotypes (261).  

3.2.10 GUSTO 

Study participants 

Growing Up in Singapore Towards Healthy Outcomes (GUSTO) cohort comprised 

offspring of ethnically diverse mothers aged 18 and above who attended the first 

trimester dating ultrasound scan clinic at National University Hospital (NUH) and KK 

Women's and Children's Hospital (KKH) from June 2009 to September 2010 (262). All 

recruited women were citizens or permanent residents of Chinese, Indian and Malay 

ancestry and homogenous ethnic background (262). The mothers were included in the 

study sample if they delivered at NUH or KKH and lived in Singapore in the next five years 

(262). The exclusion criteria were chemotherapy, psychotropic treatments or diagnosis 

of diabetes type I. Additionally, only pregnant women who agreed to donate birth 

tissues were enrolled in the study (262). Of screened 3751 families 2034 met the study 

requirements (262). The study was approved by the National Health Group's Domain 

Specific Review Board and SingHealth Centralised Institutional Review Board. The 

participants provided written informed consent (262).  
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The offspring cohort included 1176 children born 30 November 2009 and 1 May 2011 

(262). The participants were assessed through infancy and childhood (262). Cycloplegic 

autorefraction was first performed on study subjects at age 36 months and continued 

in follow-up visits (262). The information on myopia risk factors, specifically time spent 

outdoors, near-work, maternal education and parental myopia, was collected using 

questionnaires completed by the parents (262). However, the study analyses described 

in this thesis were restricted to data from the year nine examinations conducted on 

Chinese children (262).  

Genotyping 

The participants were genotyped based on the Infinium OmniExpressExome array (260). 

Following quality control procedures SNPs with MAF < 0.05, missingness > 5% and HWE 

p-value < 10-6 were removed from the analyses (260). Additionally, variants that 

demonstrated different allele coding or frequency that deviated more than >0.2 from 

the EAS reference population in the 1000 Genome reference panel were also dropped 

(260). A total of 529,083 SNPs were advanced for subsequent analyses and pre-phased 

with SHAPEIT version 2.837 including trio family information (260). The SNPs were 

imputed to the 1000 Genome reference panel using the “PBWT, no pre-phasing” 

pipeline in Sanger Imputation Service (260). Non-monomorphic (MAF >0) biallelic 

variants with MAF > 0.05, HWE p-value > 10-6 and INFO > 0.5 were selected for the 

inclusion (260). 

3.3 Statistical analyses 

3.3.1 Linear regression 

Linear regression was a standard method to examine genetic associations with 

continuous traits in GWAS (263). The standard approach for testing genetic associations 

was to include genotype coded as a dosage of the less frequent allele. Most studies 

utilised an additive model, fitting linear regression for each locus using the number of 
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minor alleles at the given SNP as a covariate while adjusting for other factors such as 

age and sex (Formula 1). Therefore, SNP beta coefficients denoted the degree of change 

in phenotype per each copy of the minor allele. Following convention, a Bonferroni-

correction of 1 million independent linkage-disequilibrium blocks, leading to a 

significance threshold of 5 × 10−8 (264) was commonly applied to all genome-wide 

analyses. 

 

Formula 1 Linear regression model. y represents phenotype, G is the genotype with genetic effect βG, X corresponds to the fixed-

covariate matrix with covariate effects βX, and e is the residual error (265). 

Throughout this thesis, I performed the statistical analyses of quantitative traits using 

linear regression. For each SNP at the locus, linear regressions testing associations with 

phenotypes (such as the mean spherical equivalent, used to characterise refractive 

error) were fitted for each study participant, also adjusting for age, sex and 10 principal 

components. The effects of SNPs were modelled using additive dosages.  

3.3.2 Linear mixed regression models 

3.3.2.1  Bayesian mixed models 

False-positive findings in GWAS could be partially attributed to spurious associations 

arising from populations structure and cryptic relatedness among participants of the 

study cohort (266). Linear mixed models (LMMS) had been increasingly used for the 

analyses of binary and continuous traits in GWAS because they were able to robustly 

control for population stratification and admixture through the incorporation of random 

effects for the genetic relationship matrix (266). In the LMM-based methods, 

populations structure was included as fixed effects, while genetic kinship was modelled 

as the variance-covariance structure and used as a random effect (Formula 2) (266).  
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Formula 2. Mixed linear model. y represents phenotype.  χsnp is the variant genotype with its effect βsnp , while Xc are fixed 

covariates with their corresponding coefficients βc. g is a relatedness matrix and e represents residual error (267). 

In this thesis, I used LMMs to assess genetic associations with refractive error. Models 

were included mean spherical equivalent as an outcome and SNPs at the locus as 

independent predictors while simultaneously adjusting for age, sex and 10 principal 

components as implemented in BOLT-LMM (268). This program implements an 

algorithm for fast Bayesian mixed-model association which allowed to correct for 

populations structure and relatedness in very large samples with reduced computational 

costs and better efficiency (268). Using this approach each chromosome was left out in 

turn and Bayesian models were fitted on the remaining SNPs, while left-out variants 

were later tested applying a retrospective hypothesis test (268). This method enables 

association analyses for millions of variants (268). 

3.3.2.2  Mixed-effect models  

To assess the associations between refractive error and pharmaceutically active 

ingredients, I utilised linear mixed-effects models (LMEs). Linear mixed-effects models 

were an extension of simple linear models that incorporated both fixed effects which 

were parameters associated with the entire population and random effects which 

measured trait variance within non-independent groups (Formula 3) (269).  

 

Formula 3 yij represents the value of the outcome variable for the jth of ni observations in the ith of M groups. Fixed-effect 

coefficients are shown as β1, . . . , βp with their regressors as x1ij, . . . , xpij for observation j in group i. bi1, . . . , biq correspond to the 

random-effect coefficients for group i, while z1ij, . . . , zqij represent the random-effect regressors (270). 

The models were built using lme4 and lmertest packages in R. Refractive error followed 

leptokurtic distribution but based on previously published recommendations (263), 
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untransformed mean spherical equivalent as an outcome and independent medications 

were entered as independent predictors in the model. Moreover, the models included 

recruitment age and age squared, sex, years of education, Townsend deprivation index, 

and polypharmacy as additional covariates. Following previously published methods 

(271), participants' birth decade was used as a random effect grouping factor in LMEs 

methods to account for potential non-linear generational effects (58). Mixed-effects 

modelling allowed to control for the autocorrelation of observations within birth 

cohorts. The model coefficients for each medication quantified the difference in 

spherical equivalent between treatment users and non-users. The associations were 

considered statistically significant if their probabilities were below Bonferroni multiple 

testing threshold, calculated by diving desired alpha level (α = 0.05) by the number of 

analysed medications. 

3.3.3 Gene-based analyses  

Population-based investigations of the impact of rare genetic variation on complex traits 

required methods different from traditional GWAS approaches, specifically because 

statistical power to find a significant association with rare variants dropped as minor 

allele frequency decreased in the population (272). Thus, in the discovery analyses, the 

variants were typically grouped together (273). The most common approach was to 

analyse the cumulative effects of rare markers in the genomic region, usually at the gene 

level (274). The gene-based analyses were broadly classified into the burden and non-

burden tests (274). Burden methods aggregated rare variants into a single burden 

variable and then regressed the trait on the burden variable to assess the cumulative 

effect of grouped polymorphisms (274). Notably, burden tests were performed under 

an implicit assumption that all variants at the locus were causal and had the same 

direction and similar magnitude of the effects, thus this approach led to the loss of 

power when assumptions were violated (275,276). By contrast, Kernell-based methods, 

such as sequence kernel association tests (SKAT), instead of aggregating markers, 

combined individual variant-score statistics for each SNP in the SNP-set (277). SKAT was 
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powered to detect associations in genomic regions containing both deleterious and 

protective mutations or a large fraction of noncausal variants (274). Conversely, SKAT-

O, an optimised version of the SKAT test, performed well in both scenarios (274). The 

SKAT-O test combined burden and Kernel-based association methods by calculating a 

weighted average of burden and SKAT statistics with weights estimated from the data 

to maximize the power (274). In WES where some genomic regions included a high 

number of causal variants with the same direction of effects while others harboured 

causal markers with opposing effects or noncausal variants, SKAT-O was able to detect 

associations missed by burden and SKAT tests (274).  

I applied SKAT-O test (274) in gene-based analyses of refractive error presented in this 

thesis (278). The associations with genes were considered statistically significant if their 

probabilities were below the Bonferroni multiple testing correction adjustment level, 

calculated by dividing the desired alpha level (α = 0.05) by the number of tested genes. 

Based on previously published methods (279), the analyses incorporated heterogeneous 

variant annotations that demonstrated an increased power to detect causal associations 

in gene-wide association studies. The analyses were restricted to the synonymous and 

protein-altering genetic variants such as nonsynonymous, start gain/loss, stop gain/loss 

and splice mutations with allele frequency below 1%. UTR variants as well as markers 

with unknown or inconclusive molecular functions such as intronic polymorphisms were 

not selected for inclusion. The variant annotation was performed in ANNO statistical 

package that defined splicing sites as 3 bases into exon or 5 bases into intron with 

mutations in these regions characterised as "Normal_Splice_Site". However, the 

mutations that affected the functionally important intron "GU...AG" region were 

annotated as "Essential_Splice_Site". 
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3.3.4 Cox proportional-hazards regression model 

The time-to-event analysis referred to a set of methods that analysed a length of time 

until the occurrence of the event of interest (280). The Cox-proportional hazards 

regression model was a commonly used time-to-event analysis technique that allowed 

to simultaneously assess multiple covariates (280). Cox regression modelled hazard 

function was performed under the assumption that all study subjects had a common 

time-dependent baseline hazard function (280). The ratio of the hazard rates for 

different individuals in the study was expected to be constant over time, specifically that 

the effect of the covariates did not vary with time and was equal at all time points (280). 

Following the proportionality of hazard assumption, the exponentiated model 

coefficients for each covariate described HR for every unit change of the respective 

covariate value (Formula 4) (280). Thus, HR above 1 represented an increase in the 

hazard of the event, while HR<1 indicated the opposite. 

 

Formula 4. Cox proportional hazards regression model. The model specifies the hazard function for the time to event Ti  associated 

with genotype Gi and vector of covariates Xi . λ0(t) is a baseline hazard function, β corresponds to the effect of covariates and ϒ 

represents genetic effect (281) 

I assessed genetic associations with the rate of onset of refractive correction in the Cox 

proportional-hazards model adjusted for the age and sex of the study participants. The 

statistical probabilities for each SNP were calculated using the likelihood ratio test. The 

hazard ratios and p-values were respectively computed in gwasurvirvr (282) and SPACox 

(281) R packages. The hazard ratios (HR) showed a multiplicative change in the rate of 

onset of refractive correction per copy of the tested allele. The genetic associations were 

considered statistically significant if their probabilities were below the conventional 

genome-wide significance level. Additionally, the assumption of hazards proportionality 

was tested in the survival R package (244) (https://cran.r-

project.org/web/packages/survival/). 
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3.3.5 LD-score regression  

Both polygenicity, as well as SNP ascertainment bias arising from population 

stratification and admixture, could potentially inflate the distribution of statistics in 

GWAS (283). Linkage disequilibrium score regression quantified the contribution of 

genuine polygenic effects and confounding bias by inspecting the relationship between 

GWAS test statistics and linkage disequilibrium (283). In particular, genetic markers in 

linkage disequilibrium with causal variants demonstrated inflation of the statistics 

proportional to the collinearity with causal SNPs (283). The more phenotype variation 

was explained by the index variant, the higher was the probability that it tagged causal 

SNP (283). In contrast to genuine polygenic effects, variation due to cryptic relatedness 

and population stratification did not correlate with LD. Thus, genomic inflation from SNP 

ascertainment bias was quantified by regressing GWAS χ2 statistics against LD score and 

subtracting the regression intercept from 1 (283). Values of regression intercept that 

were close to 1 indicated a small contribution of confounding bias from populations 

stratification and admixture and that the increase in mean χ2 was driven by polygenicity 

(283). However, a moderate degree of inflation in the LD-score regression intercept was 

expected in the studies with very large sample sizes (283).  

In addition to assessing genomic inflation, I used LD-score regression to examine 

bivariate genetic correlations between refractive error and potentially related traits 

whose summary data were obtained from the publicly available GWAS repository LD 

Hub (284). LD Hub automated cross-trait LD score regression analysis pipeline which was 

an extension of simple linkage disequilibrium score regression and only required 

summary-level statistics (285).  

3.3.6 Conditional analyses  

I further refined genetic associations obtained from the meta-GWAS in conditional and 

joint analyses as implemented in the COJO module of the GCTA software (286). 

Approximate joint and conditional analyses ascertained independent genetic signals 
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from meta-analysis summary statistics by inferring linkage structure from the reference 

sample of unrelated UK Biobank participants of European descent. The genetic locus 

was defined as a genomic region containing adjacent associated SNPs within a 1 Mbp 

distance from each other. Statistical significance and collinearity thresholds were set to 

p-value = 5 x 10-08 and r2 = 0.9, respectively. The phenotypic variance explained by all 

SNPs was estimated by converting marginal effects to joint effects using meta-GWAS 

summary information and individual-level genotype data from the reference sample.  

3.3.7 Gene-set enrichment analyses 

Gene-set enrichment analysis was an analytical approach used in genome-wide 

association studies to uncover relevant biological mechanisms implicated by genetic 

associations (287). In contrast to traditional GWAS, which assessed the significance of 

the associations between phenotype and individual SNPs, gene-set enrichment analyses 

evaluated the evidence of the association between phenotype and set of genes grouped 

based on common function, making pathways a unit of analysis (287). These analyses 

examined the combined effects of a large number of disrupted genes that affect specific 

cell types or biological functions (287). However, the power of these analyses depended 

on the accurate detection of the genes contributing to the specific pathophysiology of 

the studied trait or disease (287).  

Many pathway-based analyses implemented modified algorithms originally developed 

to study the pathways using gene expression data in which differentially expressed 

genes were annotated and grouped based on the same annotation terms (288,289). The 

annotation terms were obtained from GSEA (www.gsea-msigdb.org) which hosted 

molecular signature collections such as gene-sets from Gene Ontology (290) and KEGG 

pathway databases (291). 

In this thesis, I explored the shared functionality of associated genes through gene-set 

enrichment analyses, as implemented in MAGENTA software (287). The publicly 

available gene-set were tested for the association with refractive error and the age of 

http://www.gsea-msigdb.org/
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first refractive correction. By default, MAGENTA employed two thresholds of gene-level 

significance at "95%" and "75%". The pathway-level p-values were computed by 

comparing the number of observed significant genes to the number of expected 

significant genes within the pathway. The threshold of 75% was used in this thesis to 

define statistical significance because it captured weaker signals of the association and 

was suited for highly polygenic traits (287).  

3.3.8 Mendelian randomisation analysis 

Mendelian randomisation (MR) utilised genetic markers to ascertain whether the 

observed correlation between the exposure and the outcome is consistent with the 

causal effect (292). MR method was based on a concept of a random assortment of 

parental alleles during meiosis resulting in their random distribution in the population 

(292). Individuals were randomly and naturally assigned at birth to either inherit 

polymorphisms predisposing to higher levels of exposure or not inherit these variants 

(292). Because these susceptibility markers were not typically related to potential 

confounders, the differences in the disease risk among the carriers and non-carriers of 

these exposure-associated alleles could be attributed to the differences in the exposure 

levels (292). 

Mendelian randomisation relied on three assumptions: "1) the genetic variant is 

associated with the exposure, 2) but not confounders; and 3) the genetic variant 

influences the outcome only through the exposure" (292). The second and the third 

conditions were related to pleiotropy which refers to a genetic marker affecting the 

outcome through pathways distinct from the exposure variable (292). The first 

assumption was tested by assessing the strength of the association between SNPs, 

referred to as instrumental variables, and the exposure (292). By contrast, the second 

and third conditions could not be empirically tested and required further sensitivity 

analyses (292).  
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Increasingly, MR analyses were performed using summary statistics obtained from 

GWAS available in the public domain. Several MR methods had been developed 

including inverse-variance weighted (IVW), weighted median and Egger tests (293). MR 

investigations selected lead SNP within associated genomic regions as instrumental 

variables for their analyses, thus the reliability of these studies depended on the validity 

of instrumental variables (293). The estimate ratio for the causal effect of exposure over 

the outcome is calculated by dividing the estimate of the SNP association with the 

outcome by the estimate of the same SNP association with the exposure (294). The IVW 

worked under the assumption that all selected markers were valid instrumental 

variables and aggregated the ratio estimates for all SNPs, weighting their linear 

combination by the inverse of their variances (Formula 5) (295). 

 

Formula 5 Inverse-variance weighted test. The pooled ratio estimate of the causal effect of exposure X on trait Y using genetic 

markers k shown here as Yk/Xk. The standard error of the ratio estimate is represented by term σY k/Xk  (295). 

The weighted median test allowed the majority of markers to be valid and took the 

median of the ratio estimates weighted by their variance (296). Conversely, the MR-

Egger method assumed that plurality of SNPs was valid as instrumental variables (297). 

Egger although similar to IVW was adapted to test bias arising from pleiotropy with the 

slope from the regression representing the estimate of the causal effect (Formula 6) 

(297).  

 

Formula 6 MR-Egger test. �̂�𝑌𝑗   is genetic association between the trait and variant j. �̂�𝑋𝑗is genetic association between exposure 

and variant j. The parameters θ0E and θ1E represent the intercept and the slope, respectively, and ϵEj is the residual term (298).  
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In particular, the intercept of the MR-Egger regression that significantly deviated from 

zero indicated a presence of the directional pleiotropy (297). This approach was used to 

evaluate the robustness of MR findings (297) and conduct sensitivity analyses 

complementary to the IVW test which yielded more precise estimates (294). 

3.3.9 Summary data-based Mendelian randomisation analysis 

Summary-data based Mendelian randomisation method (SMR) analyses integrated 

summary statistics from large published GWAS and expression quantitative trait loci 

(eQTL) studies and detect genes whose expression levels are associated with the trait 

due to pleiotropic effects (299). Additionally, SMR was used to conduct a transcriptome-

wide association study and to test associations between gene expression and complex 

traits (299). The estimates of SNP effects on trait variance and gene expression were 

obtained from large-scale GWAS and eQTL studies, respectively (299). Only probes with 

eQTL p-value < 5 x 10-08 were selected for inclusion and the associations between the 

trait and the probe were tested at the top cis-eQTL (299). 

Nonetheless, significant associations in the SMR test did not necessarily imply that the 

variant was causal because the top cis-eQTLs could be in the linkage with two 

independent causal markers one of which affected gene expression while another 

influenced trait variance (299). Heterogeneity independent instruments (HEIDI) test 

implemented in SMR examined multiple SNPs in the cis-eQTL region and differentiated 

pleiotropic signals from the linkage (299). Based on this test, for SNPs demonstrating p-

value > 0.05, the hypothesis of a single causal variant associated with both gene 

expression and trait variance could not be rejected (299). However, because HEIDI was 

unable to perfectly separate pleiotropy from linkage disequilibrium in cases of extreme 

collinearity, the results of SMR analyses should be interpreted under the model of 

pleiotropy and not causality (299). In this thesis, I used SMR to analyse the expression 

of refractive error and the age of refractive correction genes incorporating eQTL data 
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from peripheral blood samples (300) and summary statistics from methylation and eQTL 

analyses in brain tissues (301) and retinal samples (302). 
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4.1 Introduction 

Refractive errors, but especially myopia, are of the leading causes of preventable 

blindness and vision impairment worldwide, especially in the communities without 

access to effective methods of refractive correction (303). Refractive disorders are 

predominantly driven by complex cultural and lifestyle factors in genetically predisposed 

individuals. Given the sharp rise in global prevalence rates of myopia in the past four 

decades (59,304) and an array of behavioural (305) and other exposures (174) linked to 

near-sightedness, there is growing evidence suggesting that refractive disorders develop 

largely due to environmental influence. Although it appears that environmental 

exposures affect the fine balance between components of refraction, which is necessary 

to achieve emmentropisation, the ocular growth is largely under genetic control and 

hereditary factors determine the severity of refractive errors, specifically myopia (126). 

Moreover, observational reports suggest that parental myopia is predictive of early-

onset myopic refraction in children (61), which in conjunction with high heritability 

estimates from twin studies (76), indicates that genetic factors dictate a large proportion 

of refractive error variance.  

To date, a host of genomic tools were exploited to study refractive disorders in 

populations as well as families. At least 25 myopia loci were discovered via linkage 

studies, and numerous genes within identified linkage intervals were examined (101). 

These genetic regions were targeted based on prior information about their 

functionality or genetic linkage evidence (14). However, candidate gene studies have 

demonstrated poor replication, likely due to several factors such as genotypic and 

phenotypic heterogeneity and methodological issues that contributed to reduced 

statistical power (306). 

In contrast to candidate-region investigations, genome-wide association studies used a 

hypothesis-free approach which was shown to be more suitable for genetic 

interrogation of complex polygenic traits such as refractive error. However, although, 
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previous refractive error GWAS reported over a hundred associated genomic regions, 

these loci explained less than 8% of the trait phenotypic variance (110) and provided an 

incomplete picture of molecular mechanisms involved in the pathogenesis of refractive 

disorders. 

This thesis chapter describes the results of the largest to date genome-wide refractive 

error meta-analysis which was published in Nature Genetics journal under the title 

"Meta-analysis of 542,934 subjects of European ancestry identifies new genes and 

mechanisms predisposing to refractive error and myopia". The meta-GWAS analysed 

genetic data and quantitative spherical equivalent measurements and myopia cases 

from several large international cohorts including UK Biobank, 23andMe and the Genetic 

Epidemiology Research on Adult Health and Aging (GERA). The subsequent replication 

and meta-analysis were conducted using data from the CREAM Consortium. Several 

research groups had contributed to this meta-analysis and provided GWAS summary 

statistics of their respective cohorts.  

My role included conducting post-GWAS analyses and assessing the impact of identified 

genetic loci on myopia risk as well as giving a functional characterisation of the 

associated variants to discern affected biological pathways and tissues. I performed 

conditional analyses that aimed to identify polymorphisms independently associated 

with refractive error. Subsequently, I used independent SNPs to predict myopia risk and 

to calculate the amount of phenotypic variance explained by selected variants. The 

utility of the PRS model for myopia prediction in the East-Asian adolescents was 

assessed in an independent sample of Singaporean children and the results of these 

analyses were published in the journal of Translational vision science and technology 

under the title ''New Polygenic Risk Score to Predict High Myopia in Singapore Chinese 

Children". Additionally, I assessed the relationship between genotypes and gene 

expression using summary-data Mendelian Randomisation tests. I also evaluated the 

causality of the association between refractive error and intelligence in Mendelian 

Randomisation analyses and assessed correlation with other traits using LD-score 
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regression A detailed description of the meta-analysis methods, statistical analysis, 

summary of the results and implications of the findings will be provided in this chapter.  

4.2 Statistical analyses  

Meta-analysis 

The two-stage meta-analysis aggregated refractive error GWAS results from 542,934 

subjects of European descent (99). The discovery analyses incorporated data from the 

first and the second sub-samples of UK Biobank participants, the GERA and 23andMe 

cohorts. The final meta-analysis included information from all available cohorts – UK 

Biobank, GERA, 23andMe and CREAM consortium studies (99). The effect sizes and p-

values were calculated from the weighted sum of individual statistics using METAL 

statistical software (307). Weights were computed based on the squire root of the 

effective population sample size. No genomic control correction was applied in these 

meta-analyses (99). The effective population size was quantified for each genetic locus 

and was equal to the total sample size for investigations that used linear or mixed linear 

models (99). The sample size was calculated based on the formula: 2/ (1/Number of 

cases + 1/Number of controls) for case-control studies, as described elsewhere (308). 

Consequently, due to two case-control investigations included in the metanalysis, the 

estimated effective sample was 379,227. Genetic variants with minor allele frequency > 

1%, present in at least 70% of meta-analysis participants and not missing in any of the 

cohorts, were advanced for the meta-analysis (99).  

Gene annotation  

The genomic locus was defined as one or multiple jointly associated polymorphisms 

located within 1 MB distance from each other (99). The most strongly associated 

variants in the region were annotated with the nearest transcript coding gene symbol 

(99). Likewise, the genomic loci were annotated with the gene whose transcript coding 

region containing or was adjacent to the lead variant (99). 
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LD-score regression 

Genomic inflation was estimated using two programs – R package gap (https://cran.r-

project.org) and LD-score regression (283), distinguishing between effects from 

polygenetic and inflation arising from uncontrolled admixture and population structure. 

Additionally, LD-score regression was used to assess bivariate genetic correlations 

between refractive error and selected traits whose summary statistics were obtained 

from the publicly available GWAS repository (284). LD-score regression methods are 

described in Chapter 3 paragraph 3.3.5.  

The relationships between refractive error loci and other traits were further explored 

using two datasets – OMIM (Online Mendelian Inheritance in Man), an online 

compendium of genes and Mendelian disorders, and GWAS Catalog, a curated database 

of published associations between SNPs or genes with phenotypes (99). 

Conditional analyses 

To detect SNPs independently associated with spherical equivalent within identified loci, 

I utilised the meta-analysis summary results in conditional and joint analyses as 

implemented in GCTA COJO (286). The total phenotypic variance explained by 

conditional SNPs was also estimated in GCTA. Statistical significance and collinearity 

thresholds were set to p-value = 5 x 10-08 and r2 = 0.9, respectively. The methodology of 

conditional analyses is presented in more detail in Chapter 3 paragraph 3.3.6  

Mendelian Randomisation analyses  

Mendelian randomisation analyses (MR), investigating causality between spherical 

equivalent and intraocular pressure, were performed in the R MendelianRandomisation 

package, as described in Chapter 3 paragraph 3.3.8. I additionally evaluated the causal 

effect of mental capacity over refractive error. The MR instrumental variables (IV) were 

independent genetic variants associated with IOP and intelligence and were selected 

from previously published GWAS (309,310).  

https://cran.r-project.org/
https://cran.r-project.org/
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Gene expression analysis 

The myopia-relevant tissues and cell types were selected based on the analyses 

integrating expression data and summary statistics from all five meta-analysis cohorts 

(99). The expression data were obtained from several sources: GTEx release v7 

(https://gtexportal.org/home/datasets), transcriptome study of adult and foetal 

trabecular meshwork, cornea and ciliary body (311) and retinal transcriptome and eQTL 

data from healthy donors (302). The patterns of transcript expression across different 

tissues were compared by visualising hierarchical clustering by means as implemented 

in R hclust.  

SMR analyses tested whether the causal effect of the variant over the trait of interest 

was mediated by a specific gene. GCTA SMR utilised summary statistics from GWAS and 

eQTL investigations to predict complex traits targeted by the gene (299). I analysed the 

expression of refractive error genes using eQTL data from peripheral blood samples 

(300) and summary statistics from methylation and eQTL analyses in brain tissues (301) 

and retinal tissues from healthy donors (302). 

Gene-set enrichment analyses  

I investigated the shared functionality of refractive error genes in gene ontology (GO) 

enrichment analyses performed in MAGENTA software as described in Chapter 3 

paragraph 3.3.7 (312).  

Prediction models  

To evaluate the predictive value of identified loci for myopia, I trained and tested the 

regression models in two independent samples (99). In particular, the training of the 

models was carried out in the subsample of UK Biobank participants for whom direct 

measurements of mean spherical measurements were available, while the testing was 

performed in the EPIC-Norfolk cohort not included in the meta-analysis (99).  

https://gtexportal.org/home/datasets
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Participants’ age, sex and lead variants associated with mean spherical equivalent were 

used as predictors, while the outcome in the models were different definitions of 

myopia based on sliding refractive error thresholds (99). The thresholds equal to ≤ −0.75 

D, ≤−3.00 D and ≤ -5.00 D were applied to define "any myopia", "mild myopia" and "high 

myopia", respectively (99). The more stringent threshold of -6.00 D wasn't used for 

severe myopia because it would significantly reduce the number of cases in the testing 

set. The controls were participants with refractive error ≥−0.5 D (99). 

Receiver operating characteristic (ROC) curves were drawn for each myopia definition 

to contrast the sensitivity and specificity across the range of values for their predictive 

ability. The logistic regression and predictive analyses were performed in R glm and 

ROCR packages (99). 

Validation of myopia prediction models in a cohort of Singaporean children  

Polygenic Risk Scores 

The selected variants with MAF ≥ 1% in Chinese children were retained for the inclusion 

if they were in high linkage disequilibrium (LD) with refractive-error-associated SNPs or 

were themselves directly associated with refraction in European cohorts. Conversely, 

polymorphisms that were not strongly associated with refractive error in European 

GWAS were not included. Observed redundant genetic signals in the study participants 

of Chinese descent were amended with LD-pruning using PLINK (265). The calculation of 

minor allele frequencies and LD between pairs of genetic markers was carried out in the 

STARS cohort that did not take part in the testing of the prediction models.  

The meta-analysis results were presented in terms of z-scores, due to the input summary 

statistics being on different units and scales (i.e., spherical error effects in dioptre, the 

risk to myopia in Odds Ratios, etc.). In order to convert Z-scores from the discovery 

meta-analysis to betas the following formula was used: 

β = Zscore / (N.eff * p * (1-p)) 
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where Zscore is Z-score from the original refractive error GWAS meta-analysis, N.eff is 

the effective population size and p is a minor allele frequency at the locus. 

A total number of 655 SNPs were taken forward and included in PRS models that 

calculated the risk scores for each SCORM participant. The polygenic risk scores 

represented the sum of the risk alleles weighted by effect sizes for the same SNPs. PRS 

scores were calculated using PRSice version 2.3.1. statistical programme. To ascertain 

whether the inclusion of additional variants in PRS models would improve prediction 

accuracy, the study exploited recently developed genome-wide Bayesian methods – 

SbayesS, SbayesR (313) and SbayesRS. These particular approaches combined the GWAS 

summary statistics with LD reference panel (313) and were shown to improve prediction 

accuracy relative to traditionally used methods such as LS-pred, clumping and 

thresholding (314).  

Prediction models 

The associations between spherical equivalent (SPHE) and axial length (AL) 

measurements, taken at the last SCORM visit, and PRS were assessed in the multivariate 

regression model. To decipher the impact of other factors, a model containing age, sex, 

school and maternal education and 10 genotype principal components (PCs) as 

independent predictors was built PCs were calculated in GCTA (286) using the genetic 

relationship matrix based on 5,285,015 imputed SNPs in SCORM. The principal 

components measured the subtle genetic correlation between individuals and were 

added to the model to control for cryptic relatedness and populations stratification. 

After that PRS was combined with the basic model and incremental gain in the total 

explained trait variance (R2) was determined. Full multivariate model in addition to basic 

model covariates included near-work and time outdoors. The strength of the association 

was evaluated based on the effect sizes, standard errors, 95% confidence intervals and 

R2 statistics. The replication of the SCORM results was sought in the GUSTO cohort. 
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The associations between high/moderate and PRS were tested in logistic regression 

models. Moderate and high myopias were defined as spherical equivalent equal to or 

worse than -3.00 D and -5.00 D, respectively, and included as binary outcomes in their 

respective logistic models. Participants with refractive error > -0.5 at the last assessment 

were treated as a non-myopic group.  

Time-to-event analyses assessed the rate of onset of high or severe myopia throughout 

eight consecutive yearly visits. The analyses defined the time of onset as the visit 

number at which participants developed the disease. Subjects that did not become 

myopic throughout the study were censored. The associations between PRS and the 

progression to high or moderate myopia was tested in the multivariate Cox proportional 

hazards model.  

The performance of predictive models was assessed by area under the curve (AUC) 

which measured discriminative ability to distinguish between high or moderate myopes 

and non-myopes (260). Predictors of myopia risk were progressively added to compare 

the discriminative ability of different models. The first model included age, time 

outdoors and parental myopia; in the second model PRS was analysed with the first 

model covariates; the third model only had PRS as a covariate, and the fourth tested 

parental myopia. To determine whether models had significantly different AUC 

DeLong’s test was conducted using the pROC package in R. 

Lastly, the odds of high or moderate myopia were compared between individuals in the 

PRS top 25th and bottom 75th percentiles, as well as between top and bottom 50th 

percentiles, using the χ2 test. All analyses were performed in R version 3.6.0. 

4.3 Results 

4.3.1 Meta-analysis 

Although refractive error meta-GWAS was not the result of my own work, I am reporting 

it because is a necessary introduction to my own follow-up post-GWAS analyses. The 
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discovery meta-analysis aggregated results from GWAS of directly measured spherical 

equivalent from UK Biobank (N=102,117) and GERA (N=34,998) and genetic analyses of 

self-reported myopia from 23andMe (N= 191,843) (99). As anticipated the large sample 

size of the discovery GWAS resulted in a nominally large genomic inflation factor 

(λ = 1.94). The intercept and the ratio (intercept-1)/ (mean (Χ2) − 1) were equal to 0.17 

and 0.097, respectively, which was consistent with expectations of polygenicity (99). 

The 438 distinct genomic loci were identified as associated with refractive error at the 

genome-wide significance level. Among these associations, 308 genomic regions were 

not reported by previous studies. Interestingly, fourteen novel signals were mapped to 

chromosome X. Moreover, the direction and the magnitude of the effects were 

consistent across all metanalysis cohorts. The statistically strongest association was 

found with rs12193446 (p-value= 9.87 × 10−328) located within LAMA2, whose mutations 

caused muscular dystrophy (315). LAMA2 also demonstrated a strong association 

refractive error in several prior GWAS (31,108). SNPs located within other LAMA2 

receptors encoding genes, specifically ITGA7 (rs17117860; p-value= 8.57 × 10−9), DAG1 

(rs111327216, p-value= 1.67 × 10−8), whose mutations resulted in muscular dystrophy 

(316,317), significantly correlated with refraction in the discovery meta-analysis (99).  

The results of the discovery meta-analysis were compared to the CREAM consortium 

GWAS findings (99). The replication was restricted to non-UK European CREAM 

consortium subjects to prevent potential sample overlap between UK Biobank and 

CREAM UK arms (99). Despite marked power differences, 55 lead SNPs from discovery 

meta-analysis were associated below the level of Bonferroni significance in the 

replication study (99). The association probabilities for the other 142 variants were 

below the threshold of false discovery rate, while additional 192 polymorphisms showed 

nominal associations in CREAM (99). There was a strong correlation between effect sizes 

observed in discovery and replication analyses. A subsequent meta-analysis, 

incorporating data from all five cohorts, including CREAM, increased the number of 

associated loci to 449; of them, 336 regions were not previously reported (99). 



Chapter 4 | Common genetic variation influencing population's refractive error  

 109 

4.3.2 Post-GWAS analyses  

4.3.2.1  Functional analyses  

Functional analyses of associated independent SNPs revealed 367 frameshift or 

missense variants (99). Several of the associated loci contained non-synonymous 

mutations, for example, rs1048661 within LOXL1, that caused a p.Arg141Leu alteration 

and was associated with glaucoma and pseudoexfoliation syndrome(318), and ARMS2 

intron variant rs10490924 that resulted in the alanine-to-serin substitution (p.Ala69Ser), 

linked to increased susceptibility to age-related macular degeneration (319). Other 

markers exhibited deleterious effects such as variants located within RGR (rs1042454; 

p-value = 6.89 × 10–68) previously reported as associated with refraction (110,320) and 

night blindness (321) and in FBN1 gene, whose mutations caused Marfan syndrome and 

iridogoniodysgenesis (322). 

4.3.2.2  Gene-set enrichment analyses  

To explore the functional link between identified polymorphisms and refractive 

phenotypes, gene-set enrichment analyses were performed which elucidated properties 

shared by the genes that were significant in the final meta-analysis. The enrichment 

analysis for Gene Ontology terms revealed genes involved in gene expression, including 

nucleic acid binding transcription factor activity and regulation of RNA polymerase II 

transcription (p-value = 1 × 10−6) (Figure 3). Additionally, significant enrichment was 

found for genes participating in sensory organ and ocular development (p-value 

= 6.10 × 10−6), specifically retina formation in the camera-type eye (p-value = 1.3 x 10-

05). Moreover, genes associated with the refractive error were involved in broader CNS 

functions, such as synaptic signalling (p-value = 4 x 10-05) regulation of neuron death and 

apoptotic process (p-value = 0.0001), but also circadian rhythmicity (p-value = 

1.10 × 10−4) and diurnal variation of gene expression, a mechanism that was not 

reported in previous GWAS (Figure 3). 
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Figure 3 Gene-set enrichment analysis for Gene Ontology terms. The analysis tested the observed versus expected number of gene scores above the 75th centile. The -log(p-values) of the FDR test are displayed 

on X-axis.
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4.3.2.3  Transcription factor enrichment analyses 

Over-representation of sites targeted by RREB1, GATA4 and EP300 genes was observed 

in the transcription factor binding enrichment analyses. Moreover, the binding sites of 

other highly enriched transcription factors were involved in ocular development and 

morphogenesis. Particularly, MAF, PITX2, FOXC1 and CRX were implicated in autosomal 

cataracts, anterior segment dysgenesis and cone-rod dystrophy, respectively (99). 

Moreover, the transcription factors of CRX and PAX4, also participated in melatonin 

synthesis and circadian rhythm (323). All significantly enriched gene sets were not 

reported in prior refractive error GWAS, but similar mechanisms were previously 

suggested (324). 

4.3.2.4  Gene expression in different body tissues 

Significant polymorphisms were placed near or within genes expressed in a number of 

body tissues, including the nervous system which supported evidence of CNS 

involvement in refractive development. Moreover, several of the associated genes were 

highly expressed in different eye structures, specifically in the cornea, trabecular 

meshwork (311), ciliary body as well as the retina (Figure 4)(325). 

Additionally, observed genetic associations most strongly correlated with gene 

expression levels in the retina and CNS basal ganglia, although these correlations were 

not significant after multiple testing adjustments. Interestingly, concomitant 

associations with refraction and eQTL transcriptional regulation effects in peripheral 

blood and brain tissues were respectively identified for 159 and 97 genes (Appendix 

Tables 21-22). There was also evidence linking refractive error-related genes to brain 

methylation levels. Moreover, SMR-based integration analyses of retina-specific eQTLs 

with refractive error meta-GWAS identified 41 genes whose expression levels were 

associated with the refractive state (Table 2).  
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Figure 4 Genes from the regions associated with refractive error that are particularly expressed in eye tissues, compared to non-ocular tissue. a) genes that are expressed more in other ocular tissues (foetal and 

adult) but much less in the adult retina. b) genes that are highly expressed in the retina and other ocular tissues, and c) genes that are expressed in the retina, but less in the other ocular tissues tested (99). 
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ProbeID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ENSG00000257176 ERGIC2 rs10843390 T C 0.27 -0.06 0.01 4.28 x10-06 1.23 0.06 1.94x 10-86 -0.05 0.01 7.58x10-06 0.001 

ENSG00000010626 LRRC23 rs2040352 A C 0.28 -0.05 0.01 3.02 x10-06 1.04 0.07 4.66x10-55 -0.05 0.01 7.69x10-06 7.12x10-09 

ENSG00000141219 C17orf80 rs12951304 C T 0.47 0.04 0.01 2.78 x10-06 -1.01 0.06 1.08x10-60 -0.04 0.01 6.57 x10-06 1.94x10-24 

ENSG00000138111 MFSD13A rs12762305 C T 0.46 0.01 0.002 2.73 x10-06 0.95 0.06 1.39x10-54 0.01 0.002 7.11 x10-06 2.41 x10-15 

ENSG00000151789 ZNF385D rs259453 A T 0.19 -0.06 0.01 2.70 x10-06 1.12 0.08 2.48 x10-47 -0.06 0.01 8.09 x10-06 2.35 x10-18 

ENSG00000142655 PEX14 rs2480777 T C 0.33 -0.01 0.002 1.60 x10-06 0.97 0.06 6.34 x10-56 -0.01 0.002 4.42 x10-06 2.8 x10-29 

ENSG00000187260 WDR86 rs12533730 T C 0.25 -0.02 0.005 1.27 x10-06 0.83 0.07 1.22 x10-30 -0.03 0.01 8.02 x10-06 2.02 x10-06 

ENSG00000123427 EEF1AKMT3 rs3782130 C G 0.33 -0.03 0.007 1.15 x10-06 0.87 0.06 1.98 x10-41 -0.04 0.01 4.74 x10-06 7.75 x10-16 

ENSG00000168297 PXK rs7618604 A G 0.17 -0.03 0.005 8.90 x10-07 0.95 0.09 1.12 x10-26 -0.03 0.01 8.01 x10-06 1.24x10-07 

ENSG00000131711 MAP1B rs72761109 T C 0.31 -0.04 0.008 8.64 x10-07 1.13 0.07 1.19 x10-64 -0.04 0.01 2.29 x10-06 9.12 x10-06 

ENSG00000119139 TJP2 rs7850573 A G 0.42 -0.02 0.005 8.06 x10-07 0.67 0.07 7.80 x10-26 -0.03 0.01 7.96 x10-06 8.92 x10-15 

ENSG00000255021 
SLC6A6, 
LSM3 rs4685109 G C 0.36 0.03 0.005 7.70 x10-07 -1.08 0.06 3.01 x10-82 -0.02 0.01 1.69 x10-06 4.96 x10-26 

ENSG00000146833 TRIM4 rs2082744 C T 0.41 0.03 0.006 7.39 x10-07 -0.93 0.06 8.32 x10-48 -0.03 0.01 2.78 x10-06 1.95 x10-15 

ENSG00000223496 EXOSC6 rs7192268 T C 0.49 -0.01 0.002 6.07x10-07 -1.22 0.05 2.46 x10-128 0.01 0.00 1.03 x10-06 8.49 x10-13 

ENSG00000261556 SMG1P7 rs7192268 T C 0.49 -0.01 0.002 6.07x10-07 -1.04 0.06 5.00 x10-73 0.01 0.00 1.52 x10-06 4.39 x10-11 

ENSG00000263503 MAPK8IP1P2 rs2732651 T C 0.16 -0.08 0.02 6.01x10-07 1.33 0.08 1.75 x10-64 -0.06 0.01 1.69 x10-06 0.96 

ENSG00000125247 TMTC4 rs1283228 A G 0.43 -0.03 0.01 5.68x10-07 0.68 0.07 6.22 x10-24 -0.04 0.009 7.42 x10-06 1.26 x10-17 

ENSG00000088448 ANKRD10 rs7987467 A G 0.41 -0.05 0.01 5.43x10-07 -0.94 0.06 5.35 x10-49 0.05 0.01 2.11 x10-06 5.59 x10-17 

ENSG00000204172 AGAP9 rs4342964 T C 0.21 -0.02 0.004 4.79x10-07 -1.01 0.08 3.60 x10-34 0.02 0.004 3.28 x10-06 5.39 x10-10 

ENSG00000254929 
ZNF488 
,ANXA8 rs4342964 T C 0.21 -0.02 0.004 4.79 x10-07 -0.84 0.08 6.40 x10-23 0.02 0.01 7.35 x10-06 3.98 x10-09 

ENSG00000111671 SPSB2 rs2269359 A G 0.28 -0.05 0.01 4.71x10-07 0.78 0.07 1.93 x10-27 -0.06 0.01 4.89 x10-06 4.65 x10-07 

ENSG00000206579 XKR4 rs11785942 T C 0.31 -0.04 0.008 4.67 x10-07 0.82 0.07 1.87 x10-29 -0.05 0.01 4.22 x10-06 6.67 x10-10 

ENSG00000144455 SUMF1 rs4685744 T C 0.49 -0.02 0.003 4.17 x10-07 -0.63 0.07 1.39 x10-21 0.03 0.01 7.78 x10-06 3.09 x10-12 

ENSG00000134744 GLIS1 rs7355078 T C 0.05 -0.08 0.02 3.18 x10-07 1.81 0.14 7.66 x10-39 -0.05 0.01 1.94 x10-06 4.86 x10-06 

ENSG00000080644 CHRNA3 rs12914385 T C 0.38 -0.05 0.009 2.20 x10-07 -0.72 0.07 5.06 x10-26 0.07 0.01 3.30 x10-06 1.49 x10-14 

ENSG00000196502 SULT1A1 rs151321 C T 0.46 0.05 0.01 2.15 x10-07 0.72 0.07 1.17 x10-26 0.08 0.02 3.08 x10-06 9.43 x10-10 

ENSG00000214078 CPNE1 rs6060524 T G 0.10 -0.06 0.01 2.08 x10-07 -1.39 0.12 3.58 x10-30 0.04 0.01 2.29 x10-06 1.33 x10-08 

ENSG00000140299 BNIP2 rs7183831 A C 0.41 -0.04 0.007 2.06 x10-07 1.04 0.06 4.16 x10-68 -0.03 0.01 6.43 x10-07 7.22 x10-18 

ENSG00000169738 DCXR rs6502047 A G 0.12 -0.05 0.01 2.05 x10-07 1.34 0.10 2.11 x10-39 -0.04 0.01 1.37 x10-06 0.01 

ENSG00000245532 NEAT1 rs674485 G A 0.27 0.05 0.009 1.91 x10-07 0.85 0.08 6.02 x10-29 0.06 0.01 2.37 x10-06 4.23 x10-19 

ENSG00000092820 EZR rs3102966 G T 0.37 0.02 0.004 1.54 x10-07 0.75 0.07 5.74 x10-29 0.03 0.01 2.04 x10-06 4.04 x10-09 

ENSG00000229152 
ANKRD10-
IT1 rs7332021 A G 0.41 -0.05 0.01 1.47 x10-07 -0.7 0.07 1.67x10-24 0.07 0.02 2.96 x10-06 8.48 x10-11 

ENSG00000106536 POU6F2 rs11973905 T C 0.21 -0.03 0.005 1.36 x10-07 0.7 0.08 2.73x10-19 -0.04 0.01 5.48 x10-06 7.80 x10-09 

ENSG00000177994 C2orf73 rs12713256 G A 0.23 0.05 0.009 1.34 x10-07 -0.80 0.08 8.96x10-26 -0.06 0.01 2.45 x10-06 3.68 x10-08 
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ProbeID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ENSG00000112706 IMPG1 rs1326170 T C 0.32 -0.03 0.006 1.20 x10-07 0.64 0.07 6.34x10-18 -0.05 0.01 6.42 x10-06 9.10 x10-08 

ENSG00000100225 FBXO7 rs1029301 A G 0.37 -0.02 0.004 1.02 x10-07 1.23 0.06 1.11x10-99 -0.02 0.004 2.43 x10-07 0.0002 

ENSG00000149591 TAGLN rs488962 T C 0.23 -0.04 0.007 6.18 x10-08 -1.04 0.07 6.71x10-45 0.04 0.01 4.38 x10-07 5.74 x10-31 

ENSG00000166033 HTRA1 rs11200645 T C 0.34 -0.05 0.010 5.97 x10-08 -0.61 0.08 1.24x10-15 0.09 0.02 7.22 x10-06 2.21 x10-08 

ENSG00000125991 ERGIC3 rs2277862 T C 0.14 -0.07 0.01 5.46 x10-08 1.25 0.10 3.37 x10-35 -0.06 0.01 6.45 x10-07 5.85 x10-09 

ENSG00000119718 EIF2B2 rs735452 C T 0.48 0.04 0.007 5.03 x10-08 -0.67 0.06 2.06 x10-24 -0.05 0.01 1.54 x10-06 3.26 x10-16 

Table 2 SMR results using retinal eQTL data. Columns containing "ProbeID" is the ID for the eQTL probe, "Gene" is the gene that the probe eQTL effects act on, "topSNP" is the SNP associated with the largest 

effects on the trait (Spherical Equivalent) from the meta-analysis; "A1", "A2" and "Freq" are the effect allele, other allele, and effect allele frequency for the 'topSNP',respectively. "b_GWAS", "se_GWAS" and 

"p_GWAS" are the effect size, standard error, and p-value for the "topSNP". "b_eQTL", "se_eQTL" and "p_eQTL" are the effect size, standard error, and p-value for the "probeID". "b_SMR", "se_SMR", and 

"p_SMR" are the effect size, standard error, and p-value results from the SMR analysis. "p_HEIDI" is the p-value from the HEIDI (Heterogeneity in Dependent Instruments) test.
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Refractive error shared susceptibility variants with several other traits, including cognitive 

ability, education and a number of ocular disorders (Table 3). In particular, on the genetic 

level refraction strongly correlated with childhood IQ (rg = −0.27, p-value = 4.76 × 10−9) 

and adulthood IQ (rg = −0.25, p-value = 1.56 × 10−39), education (rg = −0.24, p-value 

= 3.36 × 10−54), cataracts (rg = −0.31, p-value = 4.70 × 10−10) and intraocular pressure 

(rg = −0.14, p-value = 1.04 × 10−12) (Table 3). Further interrogation of observed genetic 

correlation with educational attainment revealed one genome-wide significant genetic 

interaction with a variant located within the TRPM1 gene (rs536015141, p-value = 

2.35 × 10−9), encoding protein expressed in ON-bipolar cells and implicated in stationary 

night-blindness (326). Previous research suggested a non-linear relationship between 

refractive error and education (327), explaining the paucity of identified genetic 

interactions. 

Phenotype PMID rg se z p-value 

Years of schooling 2016 27225129 -0.24 0.02 
-

15.50 3.361x10-54 

Fluid intelligence score UKBB -0.25 0.02 
-

13.16 1.56 x10-39 

Intelligence 28530673 -0.26 0.02 
-

11.24 2.56x10-29 

Years of schooling (proxy cognitive performance) 25201988 -0.27 0.03 -9.54 1.472x10-21 

Years of schooling 2013 23722424 -0.26 0.03 -9.32 1.192x10-20 

IOP 29785010 -0.14 0.02 -7.12 1.042x10-12 

Eye problems/disorders: Cataract UKBB -0.31 0.05 -6.23 4.69 x10-10 

Childhood IQ 23358156 -0.27 0.05 -5.86 4.76x10-09 

Diagnoses – main ICD10: H26 Other cataract UKBB -0.26 0.04 -5.74 9.36x10-09 

Vertical cup-to-disc ratio (VCDR) 28073927 -0.03 0.03 -0.93 0.4 

Hair Colour 29662168 -0.01 0.02 -0.75 0.5 

Table 3 Genetic correlation between spherical equivalent and other phenotypic traits. "Phenotype" is the trait tested for genetic 

correlation. "PMID" is the PubMed ID for the study providing summary statistics of the phenotype. "rg" is the genetic correlation 

value and "se", "z", "p-value" are the respective standard error, Z-score and p-value. 
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4.3.2.5  Mendelian Randomisation analyses  

The relationship between refraction and intraocular pressure was explored by building 

Mendelian Randomisation models (MR). MR analyses showed a causal association 

between elevated intraocular pressure and myopic refraction. Particularly, for every 

1mm IOP increase spherical equivalent decreased by 0.05–0.09 Dioptres and 

populations' refractive error shifted towards more myopic ranges (Figure 5). Conversely, 

there was no evidence of a causal relationship between intelligence and refractive error, 

but instead, MR results suggested genetic pleiotropy (Figure 6)
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Figure 5 Mendelian randomisation results on the causality of IOP over refractive error. Single points in the graph represent coordinates determined by the effect of each specific SNP over IOP (x-axis, mmHg) and 

spherical equivalent (y-axis, Dioptre units).  
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Figure 6 Mendelian randomisation results on the causality of fluid intelligence over refractive error. Single points in the graph represent coordinates determined by the effect of each specific SNP over 

intelligence score and spherical equivalent (y-axis, Dioptre units).
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4.3.2.6  Conditional analyses  

In order to identify secondary genetic associations at significant loci, I conducted 

conditional analyses. The origin of association signals was traced to 904 independent 

variants associated with refractive error at genome-wide significance level; of them, 890 

were present in the EPIC-Norfolk study, a separate cohort that was not included in the 

meta-analysis (99). After fitting the linear model to spherical error and estimating the 

variance explained by all available markers, I ascertained that these SNPs cumulatively 

predicted 12.1% of spherical equivalent phenotypic variance and 18.4 % of its 

heritability in the EPIC-Norfolk cohort. By contrast, novel associations explained 4.6 % 

of refractive error variance significantly improving heritability reported for previously 

published associations (110) 

4.3.2.7  Myopia prediction model 

Using 890 significant variants from the conditional analysis for which genotypes were 

available for the EPIC-Norfolk participants, I constructed PRS and assessed the 

performance of associated SNPs in a regression-based myopia prediction model. The 

model, in addition to including associated alleles, was also adjusted for age and sex. 

Despite being limited to a smaller number of SNPs, the prediction model distinguished 

between myopia cases and controls. In particular, it performed well for mild myopic 

refraction, yielding an AUC of 0.67. Even better results were achieved for moderate and 

severe myopia with AUC of 0.74 and 0.75, respectively (Figure 7). Nonetheless, the 

models' predictive capacity did not markedly improve for more severe near-sightedness, 

suggesting that common susceptibility variants identified in the meta-analysis 

represented a genetic risk of common myopia observed in the general population, while 

results of recent genetic investigations provided evidence for the uniqueness of high 

myopia's genetic architecture (328).
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Figure 7 Receiver operating characteristic (ROC) curves for myopia predictions, using information from 890 SNP markers identified in the meta-analysis. The three different colors represent three different curves for each of 

the different definitions of myopia: green, all myopia (defined as <−0.75 D); magenta, moderate myopia (<−3.00 D); and brown, severe myopia (<−5.00 D).
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4.3.2.8  Validation of myopia prediction models in a cohort of 

Singaporean children  

Cycloplegic auto-refraction and PRS based on 655 SNPs discovered in Europeans, were 

available for 1,004 Chinese children in SCORM. The basic model which only included age 

and sex, maternal education, school and 10 PCs explained 4.0% and 10.8% of spherical 

equivalent (SPHE) and axial length (AL) variance, respectively.  

The inclusion of PRS in the basic model markedly improved its' predictive capacity, 

demonstrating an incremental increase in adjusted R2 for SPHE (0.041; ANOVA p-value< 

0.001) and AL (0.022, ANOVA p-value< 0.001). Although the addition of parental myopia 

and time outdoors also contributed to statistically significant improvement over a basic 

model, the change in adjusted R2 was smaller than when PRS was considered in the 

model (Table 4). 

A multivariate model containing age, sex, mother's education, outdoor time, number of 

books read per week and 10 PCs as independent covariates performed better with PRS, 

predicting between 11.9% and 15.7% of SPHE and AL variance. By contrast, a 

multivariate model that did not include PRS, but instead assessed the impact of parental 

myopia, had worse accuracy in relation to SPHE (R2 = 8.3%) and AL (R2 = 13.5%) (Table 

5).  
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  Spherical equivalent (D) Axial length (mm) 

  
Adjusted R2 
full model  

Incremental 
adjusted R2  

Incremental 
95% CI  

ANOVA       
p-value  

Adjusted R2 

full model  
Incremental 
adjusted R2  

Incremental 
95% CI  

ANOVA       
p-value  

Basic model  0.04 - - - 0.106 - - - 

Basic model + PRS  0.082 0.041 0.01;0.073 4.95 x 10-07 0.13 0.022 -0.001;0.046 1.49 x 10-04 

Basic model + parental myopia 0.051 0.011 -0.006;0.027 7.16 x 10-03 0.112 0.004 -0.006;0.014 0.065 

Basic model + time outdoors  0.076 0.035 0.006;0.064 3.36 x 10-06 0.133 0.026 0.0004;0.051 5.06 x 10-05  

Basic model + books read per week  0.04 0 0;0 0.466 0.106 0 0;0 0.849 

Table 4 Multivariate linear regression models of polygenic risk score (PRS), parental myopia, time outdoors and books read per week, assessing the prediction accuracy of spherical equivalent and axial length. 

The basic model included age, sex, maternal education, school and 10 principal components. A basic model predicting axial length was additionally adjusted for height. Columns ''Adjusted R2 full model'' listed 

total phenotypic variance explained by all covariates in the model. Field '' Incremental adjusted R2'' showed additional phenotypic variance explained by including the PRS, parental myopia, time outdoors and 

books read per week in the model with corresponding 95% confidence interval and p-values displayed in columns ''Incremental 95% CI'' and "ANOVA p-value", respectively. 
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  Spherical equivalent (D) Axial length (mm) 

  Univariate Multivariate n Univariate Multivariate n 

Polygenic risk score1     568     548 

beta -0.21 -0.22   0.18 0.17   

SE  0.04 0.04   0.04 0.04   

95% CI -0.30, -0.13 -0.30, -0.14   0.09, 0.26 0.09, 0.25   

p-value 6.21 x 10-07 1.49 x 10-7   4.70 x 10-05 5.39 x 10-05   

R2 0.041 0.119   0.038 0.157   

Parental myopia1     568     548 

beta -0.32 -0.23   0.3 0.15   

SE  0.09 0.09   0.09 0.09   

95% CI -0.49, -0.15 -0.41, -0.05   0.13, 0.47 -0.03, 0.33   

p-value 2.10 x 10-04 0.01   6.05 x 10-4 0.1   

R2 0.022 0.083   0.029 0.135   

Time outdoors2     568     548 

beta 0.16 0.21   -0.13 -0.18   

SE  0.04 0.04   0.04 0.04   

95% CI 0.08, 0.24 0.13, 0.29   -0.21, -0.05 -0.26, -0.10   

p-value 1.08 x 10-04 8.77 x 10-07   2.09 x 10-03 1.94 x 10-05   

R2 0.024 0.119   0.025 0.157   

Books read per week3      568     548 

beta 0.01 0.03   0.02 0.02   

SE 0.05 0.05   0.05 0.05   

95% CI -0.09, 0.11 -0.07, 0.12   -0.08, 0.13 -0.08, 0.11   

p-value  0.88 0.59   0.68 0.75   

R2 0 0.119   0.008 0.157   

Table 5 Multivariate linear regression models of PRS, parental myopia, time outdoors and books read per week for spherical 

equivalent and axial length in SCORM (N = 1004). The fields "beta", "SE", "95% CI" and "p-value" denote respectively the 

regression coefficient (slope), the standard errors of the coefficient estimation, the coefficients lower and upper bounds of the 

95% confidence intervals, and p-values for the association. Field "R2" indicates total phenotypic variance explained by the model 

and column ''n" shows the sample size included in the analyses. 1Multivariate models were adjusted for baseline age, sex, 

mother’s education, school, time outdoors, number of books read per week and 10 genotyping principal components. AL at the 

last visit was additionally adjusted for baseline height. 2Multivariate models were adjusted for baseline age, sex, mother’s 

education, school, polygenic risk score, number of books read per week and 10 genotyping principal components. AL at the last 

visit was additionally adjusted for baseline height. 3Multivariate models were adjusted for baseline age, sex, mother’s education, 

school, polygenic risk score, time outdoors and 10 genotyping principal components. AL at the last visit was additionally adjusted 

for baseline height. 

Additionally, PRS appeared to predict the onset of high (HR = 1.49; R2 = 12.8%) and 

moderate degree myopia (HR = 1.39; R2 = 12.5%) and was associated with their 

increased hazard (Table 6). Similarly, parental myopia predisposed to earlier onset of 
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moderate (HR = 1.34; R2 = 8.9 %) and severe (HR= 1.61; R2 = 10.6 %) near-sightedness 

but was slightly less accurate (Table 6).  

  Time to moderate myopia (-3.00 D) Time to high myopia (-5.00 D) 

  Univariate Multivariate n Univariate Multivariate n 

Polygenic risk score1     672     672 

HR 1.33 1.39   1.42 1.49   

SE  0.06 0.06   0.08 0.08   

95% CI 1.18, 1.49 1.24, 1.56   1.21, 1.67 1.26, 1.75   

p-value  1.19 x 10-06 1.25 x 10-08   1.97 x 10-05 1.84 x 10-06   

R2 0.034 0.125   0.026 0.128   

Parental myopia1     672     672 

HR 1.52 1.34   1.8 1.61   

SE  0.12 0.13   0.19 0.21   

95% CI 1.19, 1.93 1.03, 1.74   1.25, 2.61 1.07, 2.41   

p-value  7.60 x 10-04 0.03   1.71 x 10-03 0.02   

R2 0.018 0.089   0.016 0.106   

Time outdoors2     672     672 

HR 0.89 0.79   0.71 0.58   

SE  0.06 0.06   0.09 0.1   

95% CI 0.79, 1.00 0.70, 0.90   0.59, 0.85 0.47, 0.70   

p-value  0.04 2.80 x 10-04   1.41 x 10-04 8.30 x 10-08   

R2 0.006 0.125   0.023 0.128   

Books read per week3      672     672 

HR 1.09 1.08   1.16 1.15   

SE  0.05 0.06   0.06 0.06   

95% CI 0.98, 1.22 0.97, 1.21   1.04, 1.30 1.02, 1.31   

p-value  0.1 0.17   7.32 x 10-03 0.03   

R2 0.003 0.125   0.007 0.128   

Table 6 Cox proportional hazard regression models of time to moderate myopia and time to high myopia in SCORM (N = 1,004). 

The fields "HR", "SE", "95% CI" and "p-value" denote respectively the regression hazard ratio (HR), the standard errors of the HR 

estimation, the HR lower and upper bounds of the 95% confidence intervals, and p-values for the association. Field "R2" indicates 

total phenotypic variance explained by the model and column ''n" shows the sample size included in the analyses. 1Multivariate 

models were adjusted for baseline age, sex, mother’s education, school, time outdoors, number of books read per week and 10 

genotyping principal components. 2Multivariate models were adjusted for baseline age, sex, mother’s education, school, polygenic 

risk score, number of books read per week and 10 genotyping principal components.3Multivariate models were adjusted for 

baseline age, sex, mother’s education, school, polygenic risk score, time outdoors and 10 genotyping principal components. AL at 

the last visit was additionally adjusted for baseline height.  
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The AUC was the indicator I used to evaluate the predictive value of PRS for 

high/moderate myopia compared to healthy (non-myopia) status. By convention, an 

AUC of 1 indicated a perfect ability to distinguish between affected and non-affected 

individuals whereas a value of 0.5 suggested a bad performance of the model which is 

at this point randomly predicting the disease status as case or control. A prediction 

model that was adjusted for age and included parental myopia and time outdoors as 

main predictors demonstrated an AUC of 0.72 and 0.60 for high and moderate myopia, 

accordingly. However, the inclusion of PRS significantly improved model performance in 

relation to high-degree myopic refractive error producing an AUC of 0.77 (Figure 8). 

Added PRS also predicted moderate myopia with an AUC of 0.62, but this result was not 

significantly different from a base prediction model. Interestingly, the PRS appeared to 

be more predictive (an AUC of 0.64 and 0.57 for high and moderate myopia, 

respectively) than parental near-sightedness (AUC of 0.61 and 0.56 for high and 

moderate myopia, respectively), when they were compared using two separate models. 

Overall, the best predictive model contained both the PRS and parental myopia in 

conjunction with age and time spent outdoors.  

The prediction accuracy of the full multivariate model was similar in the GUSTO cohort 

which included 339 Chinese children and was used for replication of SCORM study 

results. In particular, in GUSTO the PRS was associated with more myopic refractive error 

(beta = −0.24) but explained a smaller fraction of SPHE variance (R2 = 4.6%) compared 

to SCORM analyses (beta = −0.22; R2 = 11.9%). The effect of the PRS over AL was of 

similar size in both studies (beta = 0.17 vs beta = 0.19 in SCORM vs GUSTO) and predicted 

between 15.7% – 16.7% of its' variance when other factors such as time outdoors, near-

work, sex and height were considered. Additionally, in the GUSTO study, the inclusion 

of the PRS significantly improved prediction accuracy showing an incremental R2 of 4.9% 

and 3.3% for SPHE and AL, respectively.  
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Figure 8 Receiver Operating Characteristic (ROC) curve for identifying high myopia (≤ −5.00 D) and moderate myopia (≤ −3.00 D) versus no myopia controls using the polygenic risk score in SCORM. ROC curve for 

high myopia (≤ −5.00 D, n = 133) and moderate myopia (≤ −3.00 D, n = 129) versus no myopia controls (n = 109) with PRS, age, time outdoors, and parental myopia as predictors.
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4.4 Discussion 

The refractive error meta-analysis described in this thesis found evidence for two major 

sets of mechanisms underlying the pathogenesis of refractive disorders (99). The first 

mechanism implicated IOP, ocular development and physiology as well as different eye 

structures (99). The second supported the notion of pleiotropy between CNS and 

refractive error and the role of circadian rhythm control in emmentropisation and 

refractive development (99). These two prominent mechanisms influenced all 

anatomical factors related to refractive power, light response and processing, 

photoconductance and cerebral function (99).  

Many polymorphisms that showed significant associations with populations refractive 

error were located near or within retinal genes, supporting the hypothesis of light 

mediating ocular growth and emmentropisation and highlighting the importance of 

retina in the light-induced signalling (329). The findings were also corroborated by 

transcriptome-wide SMR analyses that revealed high levels of gene expression in retinal 

tissues. More recent work described a universal set of transcriptome changes, contained 

within well-defined retinal networks that couldn't be bypassed and played a 

fundamental role in ocular growth (330). These essential networks that could not be 

avoided in ocular growth inhibition included cell signalling and circadian entrainment 

(330). Although light transduction and retinal signalling were suggested pathways in 

several previous GWAS (20,82), the meta-analysis presented in this thesis was the first 

to provide genetic evidence implicating circadian rhythmicity in human refractive 

development. Together, these results implicate retinal light response and processing as 

the main drivers of refractive errors (99).  

Evidence from animal experiments indicated that in addition to local ocular 

mechanisms, emmentropisation was under control from CNS (331). Consistent with 

these findings, the meta-analysis observed strong genetic correlations between 

spherical equivalent and intelligence as well as educational attainment and learning 
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disability (99). Mendelian randomisation further supported evidence of pleiotropy but 

not causality between mental capacity and refractive error, implicating shared genetic 

factors in neurocognitive and refractive development (145).  

Although meta-analysis upheld prior findings of enrichment for cell-level properties, 

such as cation and non-cation ion channels, reported by smaller studies, it also provided 

evidence for broader physiological processes, including light processing and 

transduction (99). Moreover, for the first time higher regulatory mechanisms, 

contributing to smaller proportions of spherical equivalent variance, were identified. 

Specifically, the study results indicated significant enrichment for binding sites of the 

transcription factors involved in circadian rhythm regulation (99). It was previously 

suggested that rising myopia prevalence rates in contemporary societies could be 

partially driven by the increasing exposure to ambient lighting that desynchronised 

endogenous ocular circadian rhythms from the natural light/dark cycle (332). 

Accumulating evidence mostly from animal experiments supported the hypothesis that 

dysregulation of circadian rhythms contributed to the development of ametropias. 

Interestingly, both animal and human eyes experienced diurnal fluctuations in 

dimensions, including axial length and choroidal thickness. In animals with induced 

myopia or hypermetropia, the changes in these phase relationships coincided with the 

development of refractive errors (333), whereas there was a paucity of data on whether 

diurnal oscillations in ocular dimensions were affected in children with ametropias. In 

addition to hypotheses linking circadian rhythmicity to diurnal variations in axial length, 

choroidal thickness as well as IOP, the interaction between dopamine and retinal 

circadian clocks was postulated to affect refractive development and myopia (324).  

In addition to describing biological mechanisms driving the refractive error development 

in the general population, the meta-analysis identified over 400 common 

polymorphisms that explained a substantial proportion of spherical equivalent 

variability and heritability (99). Despite being limited to a smaller number of significant 

variants the PRS -based prediction model performed well in a replication sample of 
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adults from the EPIC-Norfolk cohort, yielding an AUC of 0,74 and 0.75 for moderate and 

high degree myopia, respectively.  

Moreover, a subsequent SCORM study demonstrated the utility of the PRS for myopia 

prediction in East-Asian children who are considered a high-risk group (1). In particular, 

the PRS based on SNPs discovered in Europeans explained a substantial fraction of 

spherical error and axial length variation in Singaporean adolescents but was also 

associated with the altered risk to time to myopia. Importantly, identified refractive 

error susceptibility loci in conjunction with age, time outdoors and parental myopia 

greatly improved prediction of severe myopia in Asian children. Generally, the full 

multivariate model with PRS was superior to the model that was adjusted for the same 

covariates but included parental myopia. The PRS alone incrementally explained 2.2% 

and 4.1% of adolescent spherical error and axial length, showing that parental myopia 

was a less effective proxy for genetic factors, as suggested previously (334). These 

findings indicate that parental myopia and inherited genetic risk could be exerting 

independent effects on a myopic refractive error in the offspring. In particular, parental 

myopia was hypothesised to capture the myopiagenic family environment (329). 

Predictably, the results of the SCORM study were lower than the variance predicted by 

reported genetic scores in European adults (7.9%) (110). This suggests that SNPs 

selected based on their effects in the European population were likely to perform better 

in predicting spherical error in Europeans.  

Overall, the PRS based on SNPs reported for Europeans demonstrated a good accuracy 

of myopia prediction in the sample of schoolchildren of East-Asian descent. Consistent 

with expectations of imperfect transferability of the PRS across ancestry divergent 

populations (335), the prediction AUC generated in the SCORM cohort were lower than 

those seen in studies where training and target samples were both of European 

ancestry. Future large-scale GWAS in East Asians will help to close this gap and improve 

the PRS used for myopia prediction in the East-Asian populations.  



 

 130 

 

 

 

 

 

 

Chapter 5 | Rare genetic variants 

associated with population's 

refractive error 

 



Chapter 5| Rare genetic variants associated with population's refractive error 

 131 

5.1 Introduction 

In addition to interrogating the associations with common genetic variance, this thesis 

explored the impact of rare polymorphisms. Several previous investigations sought to 

uncover genetic factors driving refractive changes in the population, however, the 

heritability that could be attributed to the reported loci was modest. Much of the 

genetic contribution to the population's refraction remained unexplained, and some 

more up-to-date reports suggested that lower-frequency markers could play an 

influential role in the development of more severe forms of refractive error (321).  

Rare genetic variation is known to have a role in human diseases. Mendelian disorders 

in particular and rare forms of common diseases were caused by highly penetrant rare 

markers (336). Natural evolution against deleterious mutations makes them more likely 

to have low frequency in the population due to purifying selection which tends to 

suppress fitness-reducing alleles. However, mutations rates remain sufficiently large 

that purifying selection cannot efface all deleterious mutations, and polymorphisms 

with a modest effect on fitness may reach allele frequencies of 1% or occasionally more, 

particularly if the effect is recessive (336). Empirical data show that deleterious changes 

such as loss-of-function mutations which affected the generation of functional proteins 

were extremely rare. It also suggests that in addition to Mendelian disorders and familial 

analogues of chronic conditions, rare variants may influence complex diseases, but their 

effects were less penetrant (336). The appreciable number of rare markers was 

identified for complex cardiometabolic traits (244) and neurodevelopmental disorders 

(337,338) of which severity they impact. Nonetheless, the general consensus was that 

common SNPs created the background liability to complex diseases, whereas 

environmental exposures and rare polymorphisms gave an extra impetus that pushed 

individuals beyond the liability threshold of disease (336).  

Exome sequencing has changed the understanding of rare disorders, uncovering 

hundreds of causal variants associated with these conditions. By contrast, the genetic 



Chapter 5| Rare genetic variants associated with population's refractive error 

 132 

investigations of complex traits and diseases relied on GWAS, which analysed common 

polymorphisms and used genotyping arrays not designed to capture rare genetic 

variation. Recent genome-wide studies discovered hundreds of distinct loci harbouring 

genes involved in refraction development (99). Cumulatively those variants accounted 

for approximately 18% of total heritability (99), as discussed in Chapter 4, while twin 

studies estimate the refractive error  heritability between 50%-90% (70). The missing 

heritability in refractive error GWAS could be attributed to several causes, such as 

confounding arising from linkage disequilibrium, statistical power limitations, epistasis 

and heritability explained by rare genetic variants that are usually not identifiable by 

traditional genetic association studies. Statistical power to detect associations with 

individual genetic variants is proportional to the magnitude of the risk they individually 

confer, but more crucially, to their frequency in the population. 

Improved sequencing facilitated a more complete assessment of the impact of low-

frequency and rare genetic variation and investigation of their role in complex traits and 

diseases. UK Biobank cohort currently provides one of the largest exome-sequencing 

resources. I exploited exome-sequencing data from the UK Biobank project and 

evaluated the contribution of rare genetic variance to the refractive error heritability in 

a sub-sample of 50,893 unrelated participants for whom measurements non-cycloplegic 

spherical equivalent were available. A detailed description of the study methodology, 

results and implications will be given in this chapter. The results of these analyses are 

currently under the review in the journal of PLOS ONE and will be published in the near 

future. 
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5.2 Methods 

5.2.1 Study population 

The UK Biobank is a cohort of half of a million volunteers for whom extensive 

demographic, phenotypic and biomarker data is available. A detailed description of UK 

Biobank cohort is provided in Chapter 3 paragraph 3.2.1. Approximately 23% of the UK 

Biobank study subjects participated in comprehensive eye examination, described in 

Chapter 3 paragraph 3.2.The study was conducted with the approval of the North-West 

Research Ethics Committee (ref. 06/MRE08/65), following the principles of the 

Declaration of Helsinki. Study participants provided written informed consent.  

5.2.2 Whole exome sequencing data  

Exome sequencing was performed on 200,629 participants from the UK Biobank cohort 

as described in Chapter 3 paragraph 3.2.1.6 (339). Briefly, the panel targeted 39 Mb of 

the human genome and covered 19,396 genes on autosomal and sex chromosomes, 

including 4,735,722 variants within the targeted regions. About 98% of the sequenced 

coding variants had an allele frequency below 1%.  

5.2.3 The CREAM consortium dataset 

CREAM was established in 2011 as a collaboration between studies with data on 

refractive error which had performed genome-wide association analysis based on SNP 

arrays. For the current study, 10 participating studies with available exome chip data 

were included. These studies included: Singapore Indian Eye Study (SINDI), Age-Related 

Eye Study (AREDS), Rotterdam Study I (RSI), Erasmus Rucphen Family Study (ERF), 

Estonian Genome Center of the University of Tartu (EGCUT), Finnish Twin Study on Aging 

(FITSA), Ogliastra, Croatia-Korcula, TwinsUK, Raine eye health study (REHS) and Beaver 

Dam eye study (BDES). 
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All cohorts had been genotyped on either the Illumina HumanExome-12 v 1.0 or v 1.1 

array. All cohorts were jointly recalled to obtain a larger sample size of rare variants 

(here defined as variants with a minor allele frequency (MAF) ≤ 0.01), as recalling 

genotypes simultaneously across all samples increases the ability to call rare variants 

with a more discrete distinction between allele calls and sensitivity for low-frequency 

(high-intensity) loci. All data was recalled using GenomeStudio® v2011.1 (Illumina Inc., 

San Diego, CA, USA). Nine of these predominantly European CREAM cohorts were 

combined in a single cohort (N = 11,505), henceforth referred to as the CREAM cohort, 

for analysis. Legalities required that BDES (N = 1740) be analysed in the United States 

while the CREAM cohort had to be analysed in Europe, preventing BDES from being 

analysed jointly with the CREAM cohort. 

5.3 Statistical analyses  

5.3.1 Gene-based association analyses  

To minimise confounding arising from population structure, the study sample was 

restricted to 50,893 unrelated UK Biobank participants of European descent. The 

ancestry and relatedness information was calculated based on the genetic data made 

available from the UK Biobank (340). Individuals with European descent were identified 

by projecting UK Biobank participants onto the coordination of 1000 Genome Project 

principal components. The genetic data was used to identify related individuals by 

calculating kinship coefficients for all pairs and third-degree or closer relatives were 

excluded. 

Gene-based analyses were conducted in the optimised SNP-set kernel association test 

SKAT-O test (341) implemented in the rvtests package (278), as described in Chapter 3 

paragraph 3.3.3. The spherical equivalent measurements were the dependent variable 

and the weighed allelic burden the independent variables. All analyses were adjusted 

for age and sex. The analyses incorporated several variant annotations that previous 

works have shown to boost the power and accuracy of detecting causal associations in 



Chapter 5| Rare genetic variants associated with population's refractive error 

 135 

gene-based analyses (279). Variants in protein-coding regions of genes including 

synonymous and non-synonymous, stop gain/loss, start gain/loss or splice-site 

mutations with minor allele frequency below 1% were selected for inclusion. The splicing 

sites were defined as 3 bases into exon and 8 bases into an intron. Mutations in these 

regions were annotated as "Normal_Splice_Site" unless they affected the functionally 

important "GU...AG" region of the intron which was annotated as 

"Essential_Splice_Site". UTR variants and polymorphisms with unknown or inconclusive 

molecular consequences such as intronic variants were excluded. Variants were 

identified and annotated using the ANNO package (https://github.com/zhanxw/anno ). 

The replication of significant genes was sought using the results of the gene-based 

analysis performed in the predominantly European CREAM cohort (31) and the BDES 

cohort (342,343). Replication was considered successful if the association probabilities 

were below the selected Bonferroni multiple testing correction level.  

I additionally performed gene-based analyses that included deleterious variants 

annotated with ANNOVAR and selected based on SIFT scores, ranging between 0.0 to 

1.0. Markers with respective SIFT scores of 0.0 – 0.05 are considered to be deleterious. 

Accordingly, rare variants (MAF< 1%) with respective SIFT scores of <=0.05 were 

advanced for gene-based analyses, carried out in SKAT-O test (341) implemented in the 

rvtests package (278). The spherical equivalent measurements were used as the 

dependent variable and the weighed allelic burden as the independent variables. All 

analyses were adjusted for age and sex. 

5.3.2 Sequential analyses evaluating the role of single variants in 

gene-based associations 

To elucidate which variants were driving observed associations with candidate genes, I 

performed sequential sensitivity analyses by progressively removing markers from the 

gene-based analyses. The associations with target genes were assessed using the SKAT-

https://github.com/zhanxw/anno
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O test adjusted for age, sex and lead common variants within the same locus. The lead 

common variants were selected from previously published refractive error GWAS (99). 

5.4 Results 

The final study sample included 50,893 unrelated UK Biobank participants of European 

descent; 54% were women with a median age of 57 years (±8 years). Detailed 

information about the study participants' demographic and refractive characteristics 

can be found in Table 7 and characteristics of the spherical equivalent distribution in 

Figure 9. 

Age (mean (SD)) 56.8 (7.9) 
 

 

Sex (N, %) 
 

Women 27,221 (53.5) 

Men 23,672 (46.5) 

  

SE (mean(SD)) -0.3 (2.7) 
  

Refractive status (N,%) 
 

Emmetropia  23,193 (32.9) 

Hyperopia 13,952 (33.8) 

Myopia 13,748 (33.3) 

Table 7 Characteristics of the study participants 
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Figure 9 Spherical equivalent distribution in UK Biobank cohort (N = 50,893). The distribution of the spherical equivalent (x-axis) in 

the samples; the number of participants for each spherical equivalent bin is given in the y-axis.  
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SKAT-O tests were performed using 2,923,839 rare (minor allele frequency, MAF < 0.01) 

variants in 19,293 genes (Figure 10). The statistically strongest association was observed 

between spherical equivalent (SPHE) and SIX6 gene (p-value = 2.15 x10-10). The second 

Bonferroni-significant association was found with CRX (p = 6.65 x 10-08). This finding was 

novel and not described in prior refractive error GWAS. Suggestive statistical evidence 

of association was found for the RPSAP52 (p = 1.65 x 10-05), PCCA (p = 1.82 x 10-05), 

MIR4683 (p = 2.81 x 10-05), SELENOM (p = 3.52 x 10-05), NAPA (p = 4.55 x 10-05) and VWA8 

(p = 5.68 x 10-05) genes, whose association however did not meet the criteria of statistical 

significance after multiple testing correction (Table 8). Additionally, I performed gene-

based analyses, including deleterious variants with minor allele frequency < 0.01. These 

analyses revealed Bonferroni-significant associations with SIX6 (p = 4.05 x 10-06), ZFP1 (p 

= 7.65 x 10-08) and C1GALT1 (p = 3.06 x 10-07) (Table 9). 
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Figure 10 Manhattan plot displaying SKAT-O association results: each point represents one of the 19,293 genes tested for the association with the spherical equivalent in the UK Biobank cohort (N=50,893). The plot shows —

log10 transformed p-values for each gene plotted against the chromosomal location. The red dashed line indicates the Bonferroni significance threshold (p < 2.59 × 10−6). Regions are named with symbols of genes that were 

most strongly associated with refractive error. 
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Gene symbol Genetic coordinates 
Number of 
variants 

Top SNP at the 
locus 

SIFT score  
A1 A1 freq Beta  p-value Bonferroni- corrected p-value 

SIX6 14:60509145-60512849 67 rs146737847 0.02 A 0.007 -0.86 2.15 x 10-10 3.65 x 10-06 

CRX 19:47821936-47843324 92 rs61748438 1 A 0.004 0.71 6.65 x 10-08 0.001 

RPSAP52 12:65758020-65826974 6 12:65825320:G:T 0.14 T 3.93 x 10-05 -6.04 1.65 x10-05 0.28 

PCCA 13:100089014-100530437 215 rs61749895 0.51 T 0.0097 -0.35 1.82 x10-05 0.31 

MIR4683 10:35641171-35641252 4 rs1363993147 0.19 G 9.82 x 10-06 -11.70 2.81 x 10-05 0.48 

SELENOM 22:31104776-31107568 50 22:31105965:T:C 0.14 C 1.97 x 10-05 -8.28 3.52 x 10-05 0.6 

NAPA 19:47487636-47515063 90 19:47488308:C:T 0.01 T 9.82 x 10-06 -8.99 4.55 x 10-05 0.77 

VWA8 13:41566834-41961109 583 13:41891421:C:T 1 T 9.82 x 10-06 -14.55 5.68 x 10-05 0.96 

Table 8 Top eight gene associations with refractive error. Gene-based analyses included synonymous and potential loss of function variants. Column "Gene symbol" lists the symbols of the genes associated with spherical 

equivalent. Fields "Genetic coordinates", "p-value" and "Bonferroni corrected p-value" include genetic coordinates (reference genome hg38) of the tested genes, and denote p-values and Bonferroni-corrected p-values for 

the respective associations. The column "Number of variants" includes the number of tested genetic variants in each respective gene. The field "Top SNP at the locus" lists variants with the statistically strongest associations 

at the locus. The columns "A1" denotes the effect allele for which betas (Beta) were calculated. The field "A1 freq" shows the frequency of the effect alleles in the study sample. The column "SIFT score" includes SIFT scores 

for top SNPs at the locus.  

Gene symbol Genetic coordinates 
Number of 
variants Top SNP at the locus SIFT score A1 A1 freq Beta P-value Bonferroni- corrected p-value 

SIX6 14:60509145-60512849 25 rs146737847 0.02 A 0.0076 -0.86 2.15 x 10-10 3.94 x 10-06 

ZFP1 16:75148523-75172234 36 rs748117598  0.025 A 3.93 x 10-05 -6.51 7.65 x 10-08 0.001 

C1GALT1 7:7182543-7248615 26 rs765265066  0.009 T 5.89 x 10-05 -5.89 3.06 x 10-07 0.006 

Table 9 Top three gene associations with refractive error. Gene-based analyses were restricted to deleterious mutations. Column "Gene symbol" lists the symbols of the genes associated with spherical equivalent. Fields 

"Genetic coordinates", "p-value" and "Bonferroni corrected p-value" include genetic coordinates (reference genome hg38) of the tested genes, and denote p-values and Bonferroni-corrected p-values for the respective 

associations. The column "Number of variants" includes the number of tested genetic variants in each respective gene. The field "Top SNP at the locus" lists variants with the statistically strongest associations at the locus. 

The columns "A1" denotes the effect allele for which betas (Beta) were calculated. The field "A1 freq" shows the frequency of the effect alleles in the study sample. The column "SIFT score" includes SIFT scores for top SNPs at 

the locus. 
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No other exome sequencing datasets of comparable size were available for replication. However, two smaller cohorts were genotyped for a selection 

of rare exonic variants using SNP chip arrays, in both of which data from only four of the novel candidate genes, including SIX6, CRX and two genes 

associated with SPHE at suggestive levels in the UK Biobank analysis were available. In addition, only 2 and 3 variants were present in the exome chip 

data for the SIX6 and CRX genes respectively, that had demonstrated the statistically strongest relationship with spherical equivalent in the discovery 

cohort. None of these genes was associated at statistically significant levels with SHPE in the pooled exome chip cohort from the Consortium for the 

Refractive Error and Myopia (CREAM, N = 11,505), but a strong association for the NAPA gene was observed (SKAT-O p =3.73 x 10-05) in the smaller 

Beaver Dam Eye Study (Table 10). 

    
Beaver Dam  
(N = 1740) 

CREAM 
(N = 11,505) 

Gene symbol Genetic coordinates Number of variants p-value Number of variants p-value 

PCCA 13:100089014-100530437 6 0.6 3 0.7 

SIX6 14:60509145-60512849 2 0.2 2 0.1 

NAPA 19:47487636-47515063 1 3.73 x 10-05 6 0.2 

CRX 19:47821936-47843324 2 0.8 3 0.4 

Table 10 Replication of four loci associated with refractive error using gene-based analyses performed in Beaver Dam (N = 1740) and CREAM Consortium dataset (N = 11,505). Column "Gene symbol" lists the symbols of the 

genes associated with spherical equivalent. Fields "Genetic coordinates", " p-value" include genetic coordinates of the tested genes and denote p-values for the respective associations in Beaver Dam and predominantly 

European CREAM replication cohorts. The column "Number of variants" includes a number of tested genetic variants in each respective gene. The associations that had p-values below Bonferroni multiple testing correction 

threshold are shown in bold letters (0.05/4 = 0.01)
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To identify independent variants driving gene-based associations at the SIX6 and CRX 

loci, sensitivity analyses were performed by progressively removing SNPs from gene-

based analyses. The removal of rare variants from the gene-based SKAT-O analyses 

revealed a decrease in the statistical significance of the analyses. The results of these 

analyses suggested that association with the SIX6 gene was most strongly influenced by 

the rs146737847 variant, whose removal resulted in the loss of statistical significance in 

the study samples (Figure 11). Moreover, missense marker rs146737847 introduced 

p.Glu129Lys substitution in the SIX6 gene and was predicted to be deleterious and affect 

protein function (SIFT score= 0.02). Similarly, exonic marker rs61748438 was identified 

as a single lead variant in the CRX locus (Figure 12). This particular missense variant 

initiated p.Val66Ile alteration in the CRX gene, and was predicted to be benign, showing 

respective SIFT score of 1. The removal of other functionally important variants within 

this gene also resulted in a progressive decrease in statistical significance. This gradual 

decrease may suggest that although gene-based association at both loci is mostly due 

to the presence of a few lead variants, additional lower frequency variants within these 

genes may also contribute to associations with spherical equivalent, but the abilities to 

fully evaluate their role at a general population level may be constrained by sample size 

and statistical power limitations. 
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Figure 11 Sensitivity analyses result for SIX6 gene. Y-axis shows the number of SIX6 variants included in gene-based analyses, testing associations with SPHE. The model was adjusted for age, sex and the best common variant 

within the same locus. The -log(p-values) from SKAT-O tests are displayed on X-axis. 
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Figure 12 Sensitivity analyses results for CRX gene. Y-axis shows the number of CRX variants included in gene-based analyses, testing associations with SPHE. The model was adjusted for age, sex and the best common variant 

within the same locus. The -log(p-values) from SKAT-O tests are displayed on X-axis.
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5.5 Discussion  

Here I report significant associations between spherical equivalent and rare variants 

located within SIX6 and CRX, but also RPSAP52, PCCA, MIR4683, SELENOM, NAPA and 

VWA8 genes. In this study, the strongest association was observed with the SIX6 gene, 

located on 14q23.1 and which encodes a homeobox protein involved in ocular 

development (344), morphogenesis and visual perception (345). The SIX Homeobox 6 

(SIX6) is part of a group of evolutionarily conserved genes, known eye transcription 

factors (346), which regulate the proliferation of specific retinal cells during optic disc 

development (346) and retain their importance in the mature retina (346). SIX6 is 

implicated both in the early stages of eye formation and subsequent differentiation of 

retinal progenitor cells (RPC). Interestingly, previous works have shown that deleterious 

missense variant rs146737847 (Glu129Lys; SIFT score = 0.02) adversely affects the SIX6 

gene function (347) and is also associated with primary open-angle glaucoma potentially 

through its known effect over the vertical cup-disc ratio (348). While observational 

correlation between glaucoma and myopia status is well known (349,350) there is little 

evidence of large-scale shared allelic risk between spherical equivalent and vertical cup-

to-disc ratio (99). The associations observed with both spherical equivalent and 

glaucoma phenotypes for the rs146737847 suggest that genetic pleiotropy may explain 

a considerable proportion of the phenotypic correlation between these two common 

ocular conditions. 

The Cone-Rod homeobox gene, or CRX, located on 19q13.33, encodes a photoreceptor-

specific transcription factor (351). Although a previous association with refractive error 

was detected for the broader chromosomal location, this is the first time that direct 

evidence links this gene with spherical equivalent or myopia. This gene is a master 

regulator of photoreceptor development (352) and differentiation (353). Certain 

mutations in this gene cause several retinal disorders, including cone-rod dystrophy, 

retinitis pigmentosa, adult-onset macular dystrophy and Leber congenital amaurosis 
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(351,354). Additionally, the Cone-Rod Homeobox (CRX) Transcription Factor regulates 

the expression of over 700 genes in the retina, including downstream effects over 

rhodopsin and cone arrestin (355). CRX expression in the retinal cells was inhibited by 

light stimulation, a mechanism previously implicated in myopia development (356,357).  

Additional Bonferroni-significant associations were identified with deleterious markers 

located within ZFP1 and C1GALT1 genes. ZFP1 encoded a member of zinc finger protein 

family that attached to DNA via zinc-mediated secondary structures, zinc fingers, 

participating in transcriptional activity (358). ZFP1 gene harboured polymorphisms that 

were linked to advanced age-related macular degeneration (359) and brain connectivity 

(360). Deleterious mutations within zinc finger family genes impacted gene expression 

in the retina and RPE and were implicated in eye development and axial elongation 

(361). Similarly, polymorphisms within or near C1GALT1 were reported as associated 

with refractive error in previous GWAS (99). The gene coded for protein generating 

common core 1 O-glycan which was precursor for several of extended mucin-type O-

glycans on the cell surface and secreted glycoproteins. Core 1 O-glycan was a main 

component of mucin transmembrane at ocular surface and contributed to the 

maintenance of epithelial barrier (362).  

Suggestive associations with rare variants located within other genes and refractive 

error were also detected. In particular, the study analyses implicate the NAPA and PCCA 

genes. Common polymorphisms at genomic loci encompassing these genes are 

associated with refractive error (99) and the age of refractive correction (110), but this 

is the first time that, rare variants within their coding regions are associated with SPHE. 

PCAA encoded the biotin-binding region of mitochondrial Propionyl-CoA carboxylase 

involved branched and odd chain fatty-acid and cholesterol catabolism (363). The 

protein product of the NAPA gene is a member of the soluble NSF attachment protein 

family aiding the fusion and docking of vesicles to target membranes (364). NAPA also 

participates in synaptic activity and plays a role in neurogenesis (364). Notably, this 
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particular gene was the only candidate that achieved replication in an independent 

dataset. 

Several novel potential candidates for which I found suggestive evidence of association 

are implicated in cognitive development and learning difficulty disorders. In particular, 

Ribosomal Protein SA Pseudogene 52 (RPSAP52) is associated with brain structure 

variations in TWAS (365) and described in genetic investigations of cognitive 

impairment, neurodevelopmental and neurodegenerative disorders (366). The 

polymorphisms within the RPSAP52 gene were associated with schizophrenia in founder 

populations (367) and associated with biomarkers of Alzheimer's disease, such as 

cerebrospinal fluid beta-amyloid 1-42 levels (368). Similarly, mutations in microRNA 

MIR4683 may be associated with epilepsy in children (369). Another interesting 

candidate VWA8 encodes a mitochondrial ATPase, whose precise function is not fully 

understood (370). Genome-wide association studies demonstrated that variation in 

VWA8 may influence susceptibility to autism (371) and bipolar disorder (372), and also 

educational attainment and mathematical ability (373). SELENOM, another novel 

candidate, encoded a selenoprotein that is highly expressed in the brain and that is 

thought to be essential for normal neurocognitive development (374). 

For this study, I used some of the largest ever sample sizes analysed to date to assess 

the role of rare variants in refractive error. However, this study has several limitations. 

Gene-based analyses assumed a simple dominant model of inheritance was used, while 

recessive or compound heterozygosity models of inheritance may also play a role in 

refractive disorders. The analyses were also restricted to the coding regions of the 

genome. However, non-coding areas of the genome also proved to be important for 

several other diseases (375–377) and could potentially provide a new direction for 

additional myopia work. In my study, chip array information was used in two replication 

datasets and found relatively little evidence for replication. However, the arrays only 

include a small number of variants within the exome of the genes of interest and none 

of which was a particularly strong contributor to the overall gene-based association in 
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the discovery data. Given that 95,376 typed SNPs were advanced for imputation in the 

BDES, low-density of the genotyping array could lead to suboptimal imputation 

accuracy, especially for rare markers which are harder to impute. It has been 

demonstrated that significant discrepancies between imputed and observed genotypes 

could potentially cause inflation of the association results, especially for variants with 

high uncertainty (378). Consequently, although the association with the NAPA was 

significant in BDES cohort, this particular gene contained only one variant. Therefore, I 

cannot exclude possibility that this particular association was a potentially false-positive 

finding. Additionally, CREAM studies were genotyped separately but recalled jointly to 

improve calling accuracy for rare makers. However, this was a conservative approach 

which significantly reduced the number of analysed variants. Performing gene-based 

analyses separately in each CREAM cohort and meta-analysing results from each study 

would have increased statistical power. These are general limitations of array-based 

studies, and to fully validate the results described in this thesis, future work on large 

scale exome sequencing on independent cohorts will be needed. Lastly, despite the 

large sample size, statistical power for rare variants is often limited due to the very low 

allele frequencies. Power will benefit from additional sequencing data from the several 

national cohorts and biobanks whose data will become available in the future. 

This study demonstrates that variants with significantly large effects on refractive error 

are extremely rare. The study analyses show strong evidence of association between 

population refractive error and rare variants located within the protein-coding regions 

of the SIX6 gene, which plays an important role in eye morphogenesis and is implicated 

in several ocular disorders, including myopia. Additional significant association is 

identified for the CRX gene, a transcription factor crucial for the development of 

photoreceptors, as the origin of an important association signal. Current UK Biobank 

WES presented in this thesis suggests that high-quality whole-exome sequencing 

provides a superior alternative to array-based methods that have power limitations and 

are prone to bias arising from population admixture (379). Beyond novel associations, 
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the incorporation of rare variants in existing myopia risk prediction models that 

currently rely on common polymorphisms will improve their accuracy and augment our 

understanding of refractive disorders. 
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6.1 Introduction 

The aetiology of refractive errors is believed to be complex and multifactorial (14). In 

particular, postnatal ocular growth is guided by visual stimuli that induce a signalling 

cascade in the retina. The initiated in the retina signals pass through the retinal pigment 

epithelium (380) as well as the choroid (381) and regulate scleral extracellular matrix 

remodelling whose alterations were shown to promote axial elongation and myopia 

(382).  

At birth, the length of the human eye measures at 17 mm and continuously grows 

through childhood and adolescence, reaching 21 – 22 mm at adulthood (383). By the 

age of 5, only 2% of children develop myopic refraction. By contrast, myopia incidence 

increases sevenfold during adolescence with peak growth observed between 9 and 14 

years (384). Childhood-onset myopias progress and become worse during puberty, but 

stabilise by 30 (108). Conversely, myopia with adult-onset tends to be less severe (385) 

and the age of the distance correction generally reflects the severity of refractive 

disorders. For example, of those who started wearing glasses between 3-10 years, 

25.5%, 38.5% and 35.9% respectively develop mild, moderate and severe myopic 

refractive error, whereas in the group with late-onset refractive error almost all 

individuals have mild myopia (385). 

Environmental factors, such as educational attainment (132) and time spent outdoors, 

vastly influence the development and progression of myopia. Their effects depend on 

lifestyles and cultural trends, but they typically affect whole cohorts across countries 

and societies (58) sharing similar living environments. Within a society at any given time, 

the environmental exposures are stable and relatively homogenously distributed, and 

heritable factors explain over half of the spherical equivalent and risk to refractive error 

(70). Several genetic studies conducted in the general population have identified DNA 

variations associated with the risk of refractive error (110,386) and age of myopia onset 

(260). Genes associated with the age at first refractive error correction usually overlap 
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with those associated with spherical equivalent (387), and both predispose to 

pathological myopia (388). Yet, the timing of the individual genes' effects is not evenly 

distributed throughout the childhood years or lifetime. Different genes have varying 

strength of effect and association throughout the years and among the genetic factors 

associated with spherical equivalent, some genes predispose to earlier refractive 

correction than others (389). Additionally, there is considerable genetic pleiotropy in the 

eye and the same genetic factors may be independently be associated with several 

endophenotypes (390), each with a potential to alter the age in which correction of 

refractive errors is needed. 

Prior investigations reported a strong genetic correlation between final refractive status 

and myopia age-at-onset which shared roughly 93% of their genetic susceptibility (110). 

Moreover, genetic variants associated with both traits were concordant in the direction 

of the effects and displayed similar effect sizes (110). For these common markers, a 10% 

decrease in ln(HR) of the age of refractive correction resulted in a 0.15 dioptre decrease 

in spherical equivalent (110). To date, a handful of genetic investigations examined 

genetic determinants of the age of myopia onset. In 2013 among the first Kiefer et al 

reported 22 significant genetic associations that predisposed to earlier myopia in 

Europeans (108). Following this study, Tideman and colleagues compared the genetic 

effects of 39 myopia-associated loci in children and adults of mixed ancestry, finding 

associations between axial length and three loci in the youngest age group (389). 

Additional four associations were detected in the subsample aged 10-25, while in older 

adults 20 distinct genomic regions were associated (389). The results of this study 

indicated that some refractive error genes exhibited the greatest effects in childhood 

while others were expressed in adolescence or during the entire lifespan of myopia 

development (389). By contrast, in a study of Asian children, 16 refractive error loci 

demonstrated evidence of myopia onset in early childhood, whilst later-onset 

associations arising between 8 and 15 years were discovered for 11 genes (391).  
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I further explored genetic factors contributing to the early-onset refractive disorders by 

conducting genome-wide time-to-event analyses of the age of the first spectacle wear 

in the large subsample of UK Biobank participants. This study aimed to further analyse 

the relationship between the age of refractive correction and population spherical 

equivalent. The following chapter reports on the study methods, statistical analyses, 

results and implications. The results of these analyses are currently under the review in 

the journal of Human Molecular Genetics and will be published in the near future.  

6.2 Methods 

6.2.1 Study population  

The UK Biobank cohort is a large population-based longitudinal study of half of a million 

volunteers from across the United Kingdom. A detailed description of the cohort is 

provided in Chapter 3 paragraph 3.2.1. At the baseline assessment, UK Biobank study 

participants completed electronic questionnaire which contained several eyesight-

related inquires, including the questions about the age of first spectacle wear (The UK 

Biobank field number: 2217) and reasons for refractive correction (Field number: 

6147)(230). About 23% of all UK Biobank volunteers also undertook ophthalmic 

examination (231), as described in Chapter 3 paragraph 3.2.1.1. Participants who had 

eye surgery, infection, bilateral eye injury before the assessment or self-reported 

cataracts with mild myopia were excluded from the subsequent analyses (231). To 

minimise confounding arising from population genetic structure, the study sample was 

restricted to individuals of European ancestry, as ascertained by using genetic 

information. Ancestry was defined based on Principal Component Analyses of the 

participants’ genotypes, pre-computed and calculated by the UK Biobank working 

group. 
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6.2.2 Genetic data 

Genotyping was performed on 488,377 subjects from the UK Biobank cohort as 

described before in Chapter 3 paragraph 3.2.1.5 (230) using two similar and mutually 

compatible genotyping platforms (Applied Biosystems UK BiLEVE Axiom Array and the 

UK Biobank Axiom Array), which although not fully identical, shared approximately 95% 

of genetic markers. The study analyses used a subset of unrelated UK Biobank 

participants of European descent, for whom information about the refractive error and 

the age of refractive correction was available. Specifically, spherical equivalent analyses 

were conducted in N = 102,117 subjects, the all-causes age of spectacle wear in N = 

340,318 subjects, age of spectacle wear in individuals with myopia in N = 24,363 and 

individuals with hypermetropia in N = 24,711 subjects. 

Phasing and further genomic imputation were conducted as described in Chapter 3 

paragraph 3.2.1.5 (230). Briefly, imputation was carried out using Haplotype Reference 

Consortium (HRC) data as a primary reference panel and merged 1000 Genomes phase 

3 and UK10K reference panels. Only markers shared between HRC, and 1000 

genomes/UK10K datasets were selected for imputation; therefore, a final dataset 

covered 93,095,623 autosomal SNPs in conjunction with large structural variant indels 

(230).  

6.2.3 Statistical analyses 

Descriptive analyses were carried out using the epiDisplay package in R. I calculated 

frequencies and percentages and means and standard errors for categorical and 

continuous variables. For the time-to-event genetic association analyses, I built Cox 

proportional hazards regression model adjusted for age and sex, as described in Chapter 

3 paragraph 3.3.4. The likelihood ratio test was used to compute p-values for each SNP 

in the model. I used two R packages, gwasurvirvr (282) and SPACox (281), to calculate 

hazard ratios (HR) and their corresponding p-values. HR represented the multiplicative 

change in the rate of onset of refractive correction per copy of the tested allele. The 
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genetic variants with p-values below the customary genome-wide significance level of 5 

x 10-08 were considered statistically significant. The proportionality of the hazards for 

significant associations was assessed using the survival package in R (https://cran.r-

project.org/web/packages/survival/). The replication of the novel genetic associations 

was sought using time-to-event results previously published by Kiefer et al. (108). 

Replication was considered significant if the association probabilities were below the 

Bonferroni multiple testing correction level (observed p-value multiplied by the number 

of tests no higher than 0.05). The genomic inflation arising from sample stratification 

and uncontrolled admixture was tested using LD score regression (283).  

Data from 45,771 research volunteers recruited among the customer base of the 

23andMe genomics company (Sunnyvale, CA, USA) were used for replication. More 

detailed information can be found in Chapter 3 paragraph 3.2.2 (392), but briefly, the 

phenotypic status was ascertained through an online medical history questionnaire or 

an eyesight questionnaire. Participants were genotyped and additional SNP genotypes 

were imputed against the 1000 genomes data and the imputed genotypes from 

individuals of European ancestry were used for Cox proportional hazards models. 

I assessed genetic correlations between AFSW and other phenotypic traits using LD-

score regression (285) and the summary statistics from GWAS Catalog (284).  

The shared functionality of associated genes was further explored through gene-set 

enrichment analyses, as implemented in MAGENTA software (312). The relationship 

between genotypes and gene expression was modelled using Mendelian Randomisation 

tests implemented in the SMR program (299), using expression data from GTEx release 

v8 (https://gtexportal.org/home/datasets), the Atlas of the Developing Human Brain 

(393) (BrainSpan 11) and retinal cis-eQTL data from healthy donors (394).  

https://gtexportal.org/home/datasets
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6.3 Results  

The final study sample included 340,318 UK Biobank participants of European ancestry 

who reported the AFSW in the electronic questionnaire; of them, 46% (N = 156,388) 

were men. The mean age at recruitment was 58 years (± 7.5 years). The more detailed 

information on the study subjects' demographic characteristics and refraction can be 

found in Table 11. 

 
Variables Statistics 

Age (mean, SD) 57.7 (7.5) 

Sex (%, N): 
 

female 54% (N = 183,930) 

male  46% (N = 156,388) 

SPHE (mean, SD) -0.3 (2.9) 

Reasons for wearing glasses/contact lenses (%, N): 

Myopia  11.1% (N= 37,762) 

Hypermetropia 5.6 % (N = 19,178) 

Presbyopia 9.1% (N = 31,137) 

Astigmatism 0.7% (N = 2246) 

Strabismus 0.2% (N = 783) 

Amblyopia 0.3% (N = 1173) 

Other eye condition 0.2% (N = 788) 

Unknown 72.6% (N = 247,251) 

Table 11 Demographic and refractive characteristics of the study participants. The values shown here are calculated for the subset 

of the UK Biobank (N = 340,318) that responded to the questionnaire on the reason for their spectacle or contact lens correction 

and not for the entire cohort. 

The age of the first spectacle wear followed bimodal distribution with the first mode 

between 1 – 35 years, peaking at the age of thirteen, and the second mode between the 

ages of 36 – 72 years with a peak at the age of 43 (Figure 13). Participants who started 

wearing glasses/contact lenses before 35 tended to be more myopic, while subjects with 

AFSW over 35 years were more likely to have hypermetropia (Figure 14). Of those 

reporting AFSW, 11% (N = 37,762) specified myopia as a reason for wearing 

glasses/contact lenses. Presbyopia (9.1%; N = 31,137) and hypermetropia (5.6% (N = 
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19,178) were the second and the third most commonly self-reported reasons for 

refractive correction. Moreover, 0.7%, 0.3%, 0.2% and 0.2% of participants wore 

glasses/contact lenses to correct astigmatism, amblyopia, strabismus or other eye 

conditions, respectively. The remaining 72.6% of subjects did specify the reason for 

wearing glasses.
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Figure 13 Distribution of the age of first spectacle wear in UK Biobank Cohort. The dash lines represent medians.
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Figure 14 Distribution of refractive error across the age of first spectacle wear in UK Biobank cohort (N = 81,675). The horizontal axes display two main modes of the age of spectacle wear. The shape of the violin 

plots shows the distribution of refractive error within the respective group. The central horizontal bar denotes the mean spherical equivalent (vertical axis) across all participants in the respective categories; the 

box displays the interquartile range, and the whiskers represent the observations within 1.5 × Interquartile Range.
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The large study sample size (N= 340,318) resulted in a high genomic inflation factor 

(λ = 1.23) in the time to lens or spectacle correction. However, the low intercept of the 

linkage disequilibrium regression 0.93, and (intercept-1)/ (mean (Χ2) − 1) ratio (-0.19, 

SE= 0.02), reassuringly indicate a conservative control for potential confounding in this 

study.  

I first assessed the degree of similarity between the genomic architectures of the 

spherical equivalent, self-reported age of first lens or spectacle correction for myopia, 

self-reported correction for hypermetropia and self-reported first correction for any 

reason. Consistent with previous reports, I found a strong genetic correlation between 

the first myopia correction and spherical equivalent (rg=-0.97, Table 12). Additionally, it 

was also noted that the age of the first correction in participants with myopia alone was 

strongly genetically correlated with the age of the first correction of any refractive error 

(rg = 0.89, Table 12) and less so with the age of the first correction among hypermetropic 

subjects (rg = -0.65, Table 12). Spherical equivalent and all-cause AFSW shared most of 

their heritability and were significantly correlated (rg = -0.68, p = 9.6 x 10-171). Because 

of the strong correlation and the phenotypic information was available for considerably 

more individuals with all-cause AFSW information than any other phenotypic definition, 

I focused this work on the analysis of the all-causes AFSW, because of the expectation 

of superior statistical power. 

 
AFSW all AFSW, myopia only AFSW, hyperopia only 

Spherical Equivalent -0.683 -0.968 0.808 

AFSW all  0.889 -0.085 

AFSW, myopia only   -0.651 

Table 12 Genetic correlations between SPHE GWAS effects and genome-wide survival analyses. Each value represents the pairwise 

genetic correlation (rg) observed between the trait shown in the table headers and rows. 
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Current genome-wide association study for all-cause AFSW found a significant 

association with 44 independent genomic regions (Figure 15), many of which were 

previously reported in relation to refractive errors (21). The statistically strongest 

association was observed between AFSW and a locus in the TSPAN10 gene (rs7405453, 

HR = 1.03, p = 1.71 x 10-35). The second strongest association was discovered at another 

locus previously associated with spherical equivalent (rs4736886, near the ZMAT4 gene, 

p = 3.36x10-27). Interestingly both genes that show the most significant associations with 

AFSW, although known for associations with refractive error, have relatively low effects 

sizes over the spherical equivalent. Only further down the list of genome-wide 

associations with AFSW do I find the loci at genes usually considered as the strongest 

risk factors for refractive error, such as GJD2, LAMA2 and PRSS56 (p = 1.63 x 10-12, p=6.27 

x 10-24 and 1.31 x 10-18).
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Figure 15 Manhattan plot displaying 44 genome-wide significant associations with the age of first spectacle wear in UK Biobank cohort (N=340,318). The plot shows log10 transformed p-values for each marker plotted against 

the chromosomal location. The red dashed line indicates the genome-wide significance threshold (p-value < 5.00 × 10−8). Regions are named with symbols of the transcript-coding genes nearest to the most strongly associated 

variant in the region.
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Although the effect sizes of association with spherical equivalent were generally 

correlated with their effect over the AFSW for the same alleles, there were notable 

exceptions. For example, the SNP alleles at the known BMP3, ZMAT4 and TSPAN10 

genes predisposed to much earlier correction compared to the final spherical equivalent 

status in adulthood than most other loci. Conversely, alleles in the SOX2-OT gene seem 

to confer a low risk towards myopia, but at a much later age than the general regression 

line averaging all loci (Figure 16).  

 

Figure 16 Scatterplot displaying the correlation between the AFSW hazards ratios and spherical equivalent beta coefficients. 

Hazard ratios shown here as (ln (HR)) represent the multiplicative change in the rate of first spectacle wear per copy of the myopia 

risk allele calculated in the full sample of 340 318 UK Biobank participants, which was taken as reference. The results are shown 

for the most strongly associated SNPs in the region. The SNPs in purple exhibiting stronger effects over the age of myopia onset, 

SNPs in turquoise are associated with spherical equivalent but not AFSW, and SNPs in blue are associated with AFSW but not 

spherical equivalent.  
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The genome-wide associations with six additional loci were observed that were not 

described in any previous GWAS for refractive error (99). The study analyses revealed 

new associations with polymorphisms within the genomic sequence of the NEGR1 gene 

(rs1204700722, HR = 1.01, p = 3.72 x 10-08), a member of an immunoglobulin superfamily 

cell adhesion molecule supergroup, implicated in neuronal growth and connectivity 

(395), where previous studies have identified association with depression and affective 

disorders (367,396). A novel significant association was also detected at a chromosome 

2 intergenic region between the TRIB2 and LOC1005064 gene sequences (rs10164589, 

HR = 1.012, p = 3.95 x 10-08). The TRIB2 gene is a pseudokinase family member that 

regulates intracellular cell signalling through ubiquitination and scaffolding (397). 

Additionally, I found an association for a locus on chromosome 3 (rs6577621, HR = 1.01, 

p = 8.15 x 10-09) in a region located between the TBC1D5 gene, a regulator of GTPase-

activating proteins (398) and the SATB1 gene, which participates in chromatin 

remodelling (399). Finally, I identified an association for polymorphisms located within 

the ADAM11 gene (rs55882072, HR = 1.01, p = 3.06 x 10-09) a metalloprotease that 

regulates cell and matrix communications (400) and markers within BRWD1 gene (401) 

(rs8131965, HR = 0.98, p = 5.41 x 10-09).  

Four out of six novel regions replicated in a slightly smaller but independent cohort (108) 

(Table 13), at a Bonferroni multiple testing correction level (p-value < 0.05/6 = 0.01, 

(Table 13). Crucially, all six loci demonstrated the same direction of effects as in the 

discovery GWAS. Specifically, NEGR1, TRIB2, TBC1D5, LOC100287944, ADAM11 risk 

alleles were associated with earlier-age myopia, while BRWD1 showed significant 

association with later-age refractive error correction (Table 13). Most SNPs were 

associated, at various levels of statistical significance, with spherical equivalent in the 

refracted subgroup of European UK Biobank participants (Table 14). 
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Chr BP SNP Gene A1 A2 Freq. 
Discovery 

HR 
95% CI 

Discovery 
p-value 

Replication 
HR 

Replication 
p-value 

1 72720383 rs1194277 * NEGR1 G T 0.69 1.007 1.008 1.018 3.72 x 10-08 1.01 0.14 

2 13042958 rs10164589 TRIB2 T G 0.48 1.013 1.008 1.018 3.96 x 10-08 1.02 0.001 

3 18192988 rs6577621 TBC1D5 G A 0.45 1.014 1.009 1.019 8.15 x 10-09 1.02 0.01 

12 106927958 rs7295942 LOC100287944 C T 0.75 1.015 1.01 1.021 1.96 x 10-08 1.01 0.38 

17 42847438 rs55882072 ADAM11 C G 0.72 1.015 1.01 1.021 3.06 x 10-09 1.03 0.0002 

21 40575426 rs8131965 BRWD1 G A 0.64 0.986 0.981 0.991 5.41 x 10-09 0.97 0.00007 

Table 13 Replication of six novel loci associated with AFSW. Replication was carried out using the results of a genome-wide myopia onset survival study by Kiefer et al. (2013 PLoS Genetics 2013). The field "SNP" 

includes the polymorphic variants with the strongest associations (Discovery p-value) for each region, for which the Chromosome number (Chr) and genomic position (BP) are displayed. "A1" lists the alleles at 

each SNP locus for which the effect sizes (Discovery HR as hazard ratios), 95% confidence intervals of the estimates (95% CI) and frequencies (Freq.) are reported, and the field "A2" lists alleles alternative to 

effect allele. "Gene" includes the symbol of transcript-coding gene nearest to the most strongly associated variant in the region. The columns "Replication HR" and "Replication p-value" display hazard ratios and 

p-values for the genetic associations in Kiefer et al. genome-wide survival analyses. The associations with replication p-value below the threshold of multiple testing correction (p = 0.01) are shown in bold font. * 

The rs1194277 SNP, the second-best associated SNP in the AFSW analysis, was used as a replacement for rs1204700722, which was not available in the 23andMe dataset  
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SNP A1 A2 Beta SE p-value 

rs1204700722 TA T -0.03 0.01 0.01 

rs10164589 T G -0.04 0.01 1.5x10-03 

rs6577621 G A -0.03 0.01 2.4x10-03 

rs7295942 C T -0.03 0.01 0.01 

rs55882072 C G -0.02 0.01 0.12 

rs8131965 G A 0.02 0.01 0.081 

Table 14 Association with spherical equivalent of the same SNPs associated with age of first spectacle wear. The effects over spherical equivalent were estimated in the directly refracted UK Biobank subsample 

(N = 102,117). The field "SNP" includes the polymorphic variants with the strongest associations (p-value) for each region."A1" lists the alleles at each SNP locus for which the effect sizes (Beta), standard errors 

(SE) and p-values (p-value) are displayed. The field "A2" contains alleles alternative to effect allele. 

The Cox proportional hazards model assumes that the effects of the tested SNPs have a constant, linear relationship with age. Proportionality 

of the hazards analyses showed that this assumption held true for many loci, for example, BMP4, TMEM161B, XPO6 (Table 15). By contrast, 

many loci exhibited non-linear effects with age, including TSPAN10, OCA2 loci and, interestingly, PAX6, a gene known to harbour variants that 

cause microphthalmia and severe eye malformation (402) (Table 15), with effects peaking around adolescence.  
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Gene  SNP p-value 

TSPAN10 rs7405453 7.80 x 10-80 

LAMA2 rs12193446 8.04 x10-38 

LRRC4C rs11602008 1.51x 10-31 

RBFOX1  rs58514548 1.44 x 10-27 

RDH5 rs3138142 5.93 x 10-22 

GJD2 rs524952 8.62 x 10-19 

BMP3 rs112000479 2.73 x 10-18 

ULK4  rs11709010 4.56 x 10-16 

PRSS56 rs1550094 3.60 x 10-15 

TOX chr8:60179048 5.72 x 10-14 

GPD2  rs2352096 3.64 x 10-13 

KCNA4 11:30017064 4.84 x 10-12 

ZMAT4 rs4736886 2.74 x 10-11 

KCNQ5 rs1935527 2.43 x 10-10 

1:163963062-164321002 rs55634905 7.45 x 10-10 

OCA2 rs1800407 5.07 x 10-09 

ZEB2 rs13382811 9.03 x 10-09 

SLC14A2 rs28408641 3.77 x 10-08 

PAX6-AS1 rs1806152 9.36 x 10-08 

AKAP6 rs2300861 5.65 x 10-06 

TBC1D5 rs6577621 2.03 x 10-05 

KCNMA1 rs1074181 2.75 x 10-05 

SIX3 rs9309119 0.0002 

CNTNAP5 rs35920642 0.0003 

CADM2 rs62263912 0.001 

BRWD1 rs8131965 0.002 

MIR217HG rs1432564 0.004 

DSCAML1 rs11217076 0.007 

ADAM11 rs55882072 0.007 

BMP4 rs7154152 0.007 

TENM3 rs71605082 0.01 

GPR25 rs3738250 0.01 

TMEM161B rs1377996460  0.02 

DLG2 rs12791570 0.04 

TRIB2 rs10164589 0.06 

ZKSCAN8 rs35128564 0.1 

SOX2-OT  rs9842371 0.13 

AGPS rs538506852 0.2 

ACP1 rs11553742 0.2 

WWP1P1 rs34070949 0.5 

XPO6 rs866722267 0.5 

NEGR1 rs1204700722 0.5 

ST3GAL4 rs59379014 0.6 

LOC100287944 rs7295942 0.8 

Table 15 Results for the test of deviation from the proportional hazards assumption. The column "SNP" list variants that were 

significantly associated with the age of first spectacle wear and the field "p-value" lists their respective p-values for the 

proportional hazards' assumption. Column "Gene" includes the symbols of the transcript-coding genes nearest to the most 

strongly associated variant in the region The SNPs deviating from proportional hazards assumption after correction for 44 

tests are displayed in bold font. 

For example, the LAMA2 variant had a stronger effect over AFSW hazard at an early 

age, peaking around 16 and a more inhibited effect after the age of 40, similar to the 

effects of other well-known refractive error genes such as GJD2, ZMAT4, RDH5 and 

interestingly PRSS56, a gene also known to be associated with eye structural 
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malformations (Figure 17) (403). Among novel loci, TBC1D5 exerted its influence at 

an earlier age (Figure 18), whereas NEGR1 and TRIB2, and ADAM11 were expressed 

over the entire lifespan with the strongest effects over AFSW observed in 

adolescence (Figure 18).  

 

Figure 17 Smoothed log-hazard ratios as a function of age for a selection of six SNPs that showed evidence of deviation from 

the proportional hazards assumption that are located in regions of previously known association with refractive error. The 

solid curve denotes a spline fit to beta estimated at different values and the dashed curved line represent 95% confidence 

intervals for the curve. The p-value from the proportional hazard assumption test is provided in the caption. 
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Figure 18 Smoothed log-hazard ratios as a function of age for six SNPs located near or within novel genes. The dashed red line 

displays the estimated log-hazard ratio (beta) for each variant in the proportional hazards model. The solid curve denotes a 

spline fit to beta estimated at different values and the dashed curved line represent 95% confidence intervals for the curve. 

The p-value from the proportional hazard assumption test is provided in the caption. 



Chapter 6 | Genetic associations with the age of refractive correction 

 170 

Our associations with AFSW showed significant enrichment in different body tissues, particularly in the nervous system and retina (Table 16-

18), particularly the brain prefrontal cortex, especially in late infancy. Consistent with a higher than expected expression in cerebral tissues, 

AFSW genes showed strong genetic correlations with neurological traits. Specifically, earlier age of refractive correction correlated with 

increased cognitive ability (rg= 0.41, p = 9.73 x 10-33) and neuroticism (rg= 0.49, p= 0.0039), decreased sleep duration (rg=-0.24, p=0.04) as well 

as elevated probability of insomnia (rg=0.29, p=0.01), and more years of education (years of schooling, rg= 0.35, p =4.48 x 10-67, Table 19). 

Moreover, AFSW demonstrated significant genetic correlations several socio-economically influenced traits, particularly increased forced vital 

capacity (rg=0.26, p=5.34 x 10-05) and lower probability of asthma (rg=-0.44, p=0.03, Table 19). 

Probe ID Gene Top SNP A1 A2 Freq 
GWAS 
beta 

GWAS 
se 

GWAS 
 p-value 

eQTL 
beta 

eQTL 
se 

eQTL  
p-value 

SMR 
beta 

SMR 
se 

SMR 
 p-value 

HEIDI  
p-value 

ENSG00000135441 BLOC1S1 rs3138141 A C 0.25 -0.018 0.003 1.01 x 10-10 0.73 0.08 5.69 x 10-19 -0.02 0.005 1.69 x 10-07 0.84 

ENSG00000182255 KCNA4 rs516484 A C 0.25 -0.016 0.003 5.75 x 10-09 -0.87 0.08 6.23 x 10-29 0.02 0.004 2.42 x 10-07 0.06 

ENSG00000197062 ZSCAN26 rs1736895 A G 0.42 0.013 0.002 9.98 x 10-08 -0.74 0.07 1.79 x 10-27 -0.02 0.004 1.73 x 10-06 0.1 

ENSG00000196993 NPIPB9 rs151174 T C 0.4 -0.014 0.002 4.25 x 10-08 0.56 0.07 3.48 x 10-17 -0.02 0.005 4.34 x 10-06 0.81 

Table 16 SMR results for age of first spectacle wear and eQTL in retinal tissues (Ratnapriya et al. Nature Genetics 2019). Column "eQTL summary data" includes the name of eQTL datasets that were used in the 

analyses. The field "Probe ID" lists the ID for the eQTL probe. The column "Gene" is the gene that the probe eQTL effects act on, "Top SNP" contains the SNP associated with the largest effects on the trait 

(AFSW); "A1", "A2" and "Freq" are the position (Build 37), effect allele, another allele, and effect allele frequency for the "Top SNP" respectively. The fields "GWAS beta", "GWAS se" and "GWAS p-value" display 

the effect size, standard error, and p-value for the "Top SNP". Columns "eQTL beta", "eQTL se" and "eQTL p-value" include the effect size, standard error, and p-value for the "Probe ID", "SMR beta", "SMR se", 

and "SMR p-value" are the effect size, standard error, and p-value results from the SMR analysis. The fields "HEIDI p-value" include the p-value from the HEIDI (Heterogeneity In Dependent Instruments) test. 
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Probe ID Gene Top SNP A1 A2 Freq 
GWAS 
beta 

GWAS 
se 

GWAS 
p-value 

eQTL 
beta 

eQTL 
se  

eQTL  
p-value 

SMR 
beta 

SMR 
se 

SMR  
p-value 

HEIDI 
p-value 

ENSG00000237412 PRSS56 rs2741299 G T 0.82 -0.021 0.003 1.21 x 10-11 -0.78 0.05 1.27x10-54 0.03 0.004 5.13x10-10 0.02 

ENSG00000189298 ZKSCAN3 rs213236 C T 0.4 0.014 0.002 2.52 x 10-08 -0.71 0.03 2.34x10-95 -0.02 0.004 7.41x10-08 0.01 

ENSG00000235109 ZSCAN31 rs213236 C T 0.4 0.014 0.002 2.52 x 10-08 0.6 0.04 1.73x10-64 0.02 0.004 1.20x10-07 0.01 

ENSG00000233232 NPIPB7 rs62034319 G T 0.41 -0.013 0.002 4.44x10-08 -0.6 0.04 5.21x10-56 0.02 0.004 2.34x10-07 0.74 

ENSG00000135930 EIF4E2 rs1729257 A G 0.22 0.016 0.003 4.92x10-08 0.6 0.04 1.44x10-41 0.03 0.005 4.25x10-07 0 

ENSG00000185658 BRWD1 rs10427502 A G 0.37 0.013 0.003 9.43x10-08 -0.6 0.04 1.85x10-53 -0.02 0.004 4.59x10-07 0.01 

ENSG00000196502 SULT1A1 rs4149406 G A 0.38 -0.013 0.003 1.29x10-07 -0.64 0.04 2.23x10-59 0.02 0.004 5.11x10-07 0.14 

ENSG00000197165 SULT1A2 rs4149406 G A 0.38 -0.013 0.003 1.29x10-07 0.63 0.04 1.30x10-58 -0.02 0.004 5.20x10-07 0.02 

ENSG00000216901 AL022393.7 rs34024998 C G 0.38 0.013 0.002 2.66x10-07 0.69 0.04 3.46x10-81 0.02 0.004 6.74x10-07 0.005 

ENSG00000218016 ZNF192P2 rs34024998 C G 0.38 0.013 0.002 2.66x10-07 -0.64 0.04 1.31x10-68 -0.02 0.004 7.92x10-07 0.004 

ENSG00000227207 RPL31P12 rs2568960 G A 0.6 0.012 0.002 7.31x10-07 -0.68 0.04 2.99x10-71 -0.02 0.004 1.82x10-06 0.24 

ENSG00000262049 
RP13-

1032I1.7 rs12450195 C T 0.39 -0.017 0.002 1.40x10-11 0.25 0.04 1.12x10-10 -0.07 0.015 3.07x10-06 0.15 

ENSG00000112763 BTN2A1 rs12190859 A T 0.22 0.015 0.003 2.52x10-07 -0.54 0.05 3.49x10-24 -0.03 0.006 4.29x10-06 0.01 

Table 17 SMR results for age of first spectacle wear and eQTL in the brain tissues (Wang et al. 2018 Science). The field "Probe ID" lists the IDs for the eQTL probe. The column "Gene" is the gene that the probe 

eQTL effects act on, "Top SNP" contains the SNP associated with the largest effects on the trait (AFSW); "A1", "A2" and "Freq" are the position (Build 37), effect allele, another allele, and effect allele frequency 

for the "Top SNP" respectively. The fields "GWAS beta", "GWAS se" and "GWAS p-value" display the effect size, standard error, and p-value for the "Top SNP". Columns "eQTL beta", "eQTL se" and "eQTL p-value" 

include the effect size, standard error, and p-value for the "Probe ID", "SMR beta", "SMR se", and "SMR p-value" are the effect size, standard error, and p-value results from the SMR analysis. The fields "HEIDI p-

value" include the p-value from the HEIDI (Heterogeneity in Dependent Instruments) test. 
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Probe ID Gene Top SNP A1 A2 Freq 
GWAS 
beta 

GWAS 
Se 

GWAS  
p-value 

eQTL 
beta 

eQTL 
se  

eQTL  
p-value 

SMR 
beta 

SMR 
se 

SMR  
p-value 

HEIDI 
 p-value 

cg18240062 NPLOC4 17:79530332 A G 0.51 0.017 0.002 5.36x10-13 -0.03 0.004 5.08x10-44 -0.622 0.1 5.97x10-10 2.48x10-04 

cg19825371 --- 17:79454945 G A 0.41 0.014 0.002 1.47x10-09 -0.09 0.004 4.40x10-124 -0.166 0.03 1.82x10-08 0.08 

cg11644478 PSMG1 21:40617483 A G 0.35 0.014 0.003 1.52x10-08 0.03 0.002 3.96x10-72 0.464 0.09 2.12x10-07 0.3 

cg23266546 --- 6:28207363 T C 0.61 -0.013 0.002 2.48x10-08 0.05 0.004 2.88x10-29 -0.281 0.06 1.39x10-06 0.4 

cg13177375 --- 6:28866528 C T 0.12 0.019 0.004 1.09x10-07 0.06 0.004 6.36x10-46 0.321 0.07 1.45x10-06 0.04 

cg11144229 TSPAN10 17:79617871 A G 0.63 0.013 0.003 1.59x10-07 0.05 0.003 2.10x10-47 0.259 0.06 2.17x10-06 2.65x10-05 

cg11890956 PSMG1 21:40542757 TA T 0.34 0.013 0.003 4.64x10-07 0.04 0.002 7.28x10-88 0.287 0.06 2.79x10-06 0.1. 

cg19292749 
ARL16; 

HGS 17:79641736 C T 0.23 -0.015 0.003 9.18x10-08 0.01 7x10-04 2.56x10-31 -1.87 0.4 3.01x10-06 0.02 

cg01336390 --- 6:29938258 A C 0.3 0.013 0.003 3.00x10-07 0.05 0.004 2.01x10-36 0.267 0.06 4.64x10-06 0.15 

Table 18 SMR results for age of first spectacle wear and eQTL in the foetal brain tissues (Hannon et al. 2015; Nat Neuroscience). The field "Probe ID" lists the ID for the eQTL probe. The column "Gene" is the gene 

that the probe eQTL effects act on, "Top SNP" contains the SNP associated with the largest effects on the trait (AFSW); "A1", "A2" and "Freq" are the position (Build 37), effect allele, other allele, and effect allele 

frequency for the "Top SNP" respectively. The fields "GWAS beta", "GWAS se" and "GWAS p-value" display the effect size, standard error, and p-value for the "Top SNP". Columns "eQTL beta", "eQTL se" and 

"eQTL p-value" include the effect size, standard error, and p-value for the "Probe ID", "SMR beta", "SMR se", and "SMR p-value" are the effect size, standard error, and p-value results from the SMR analysis. The 

fields "HEIDI p-value" include the p-value from the HEIDI (Heterogeneity in Dependent Instruments) test
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Trait  PMID rg se p-value 

Years of schooling 2016 27225129 0.35 0.02 4.48 x 10-67 

Intelligence 28530673 0.41 0.03 9.73 x10-33 

Forced vital capacity 28166213 0.26 0.06 5.34 x 10-05 

Age of first birth 27798627 0.4 0.11 0.0001 

Neuroticism 24828478 0.49 0.17 0.004 

Insomnia 27992416 0.29 0.11 0.01 

Asthma 17611496 -0.44 0.2 0.03 

Years of schooling  25201988 0.3 0.14 0.03 

Sleep duration 27494321 -0.24 0.11 0.04 

Age of smoking initiation 20418890 -0.4 0.21 0.05 

 

Table 19 Genetic correlations between age first spectacle wear and 23 different traits. Columns "Trait", "PMID", describe the name 

of the tested trait and PubMed repository study number. Fields "rg", "se" and "p-value" list Pearson's correlation coefficient, 

standard error, z-score as well as p-values of the tested correlations. 

 

Gene-set enrichment analyses showed that similar to the findings of other published 

refractive error GWAS (99), AFSW-associated genes were involved in nervous system 

development (Table 20) and other processes, such as cell signalling and intracellular 

communications (Table 20). Gene Ontology enrichment analysis results also supported 

previous conclusions that genes involved in refractive error influence RNA polymerase 

transcription and gene expression (Table 20) (99).
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Gene Ontology Term 
Gene 
set size 

Effective 
set 

Expected 
number 
of genes 

Significant 
genes FDR  

CGMP Metabolic Process 23 18 5 12 0.0001 

Protein Heterotetramerisation 38 23 6 14 0.0002 

Chromatin Assembly or Disassembly 177 100 25 42 0.0004 

Negative Regulation of Gene Expression 
Epigenetic 112 65 16 29 0.0004 

Cyclic Nucleotide Metabolic Process 57 52 13 24 0.001 

Morphogenesis of an Epithelial Sheet 43 37 9 18 0.001 

Negative Regulation of Nitrogen Compound 
Metabolic Process 1517 1224 306 344 0.001 

Negative Regulation of Gene Expression 1493 1219 305 340 0.002 

Histone Exchange 53 41 10 19 0.002 

Positive Regulation of Biosynthetic Process 1805 1510 378 411 0.002 

Regulation of Cell Growth 391 316 79 101 0.002 

Negative Regulation of Cell Growth 170 150 38 53 0.003 

Sensory Perception of Light Stimulus 212 161 40 55 0.004 

Regulation of Mitochondrion Organization 218 167 42 57 0.005 

ATP Dependent Chromatin Remodelling 74 66 17 26 0.01 

Negative Regulation of Hematopoietic Progenitor 
Cell Differentiation 24 18 5 10 0.01 

Regulation of Type 2 Immune Response 26 24 6 12 0.01 

Protein N Linked Glycosylation 75 69 17 27 0.01 

Regulation of Pathway Restricted Smad Protein 
Phosphorylation 60 44 11 19 0.01 

Regulation of Small GTPase Mediated Signal 
Transduction 278 218 55 70 0.01 

Ribonucleotide Catabolic Process 28 27 7 13 0.01 

Regulation of Chondrocyte Differentiation 46 36 9 16 0.01 

Positive Regulation of Gene Expression 
Epigenetic 78 61 15 24 0.01 

Cilium Organization 188 137 34 47 0.01 

Table 20 Gene-set enrichment analysis for Gene Ontology terms. Column "Gene Ontology Term" lists Gene Ontology terms that 

were significantly enriched. Fields "Gene set size" and "Effective set" show the number of genes per gene-set and the number of 

genes included in the GSEA analysis. Columns "Expected number of SNPs" and "Significant genes" provide the expected and 

observed number of genes with a corrected gene p-value above the 75-percentile enrichment cut-off. "FDR" reports estimated 

false discovery rate. All analyses were at a 75-percentile gene cut-off and the table is truncated at FDR < 0.01 to only show the 

most significantly enriched gene sets. 
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6.4 Discussion 

AFSW is a heterogeneous phenotype that is contributed to by the presence and age of 

onset of several different forms of refractive error. Observationally and genetically, this 

phenotype is strongly correlated with presence and age of developing myopia, the most 

common form of refractive error in the general population, although other forms of 

refractive error are also correlated with it. The study presented in this thesis 

demonstrated that AFSW survival analysis is a powerful statistical method that could be 

used to augment the existing information available from directly measured refractive 

error. I found evidence that refractive error and AFSW were strongly correlated and 

shared most of their heritability and genetic risk loci. Additionally, I have identified six 

novel regions associated with the age of refractive correction and replicated four of 

them. One of the new genes, TRIB2, was previously reported for several different ocular 

traits and disorders. However, other novel AFSW-associated genes were linked to 

neurological and neurodevelopmental traits, for which genetic correlation with the 

refractive error was previously described (110). 

Neuronal Growth Regulator 1 (NEGR1) nested within newly identified locus on 

chromosome 1 coded for a GPI-anchored cell adhesion molecule in the immunoglobulin 

superfamily cell adhesion molecule supergroup (404). Accumulating evidence 

implicated NEGR1 in a wide array of psychiatric diseases. Neuronal Growth Regulator 1 

was abundant in neuronal somata and dendritic synaptic vesicles of different adult and 

developing brain regions where it participated in the establishment and remodelling of 

the neural circuit (405,406). Specifically, NEGR1, a synaptic adhesion molecule spanned 

synaptic cleft and controlled neurite outgrowth and synapse formation (407). Large 

scale genetic investigations associated polymorphisms present in NEGR1 with increased 

susceptibility to Alzheimer’s disease (408), major depressive disorder (409) and 

schizophrenia (410) which shared common polygenic traits contributing to impaired 

neural signalling. Moreover, the genetic variations within Neuronal Growth Regulator 1 

have been linked to low white matter integrity, implicated in the pathogenesis of many 

psychiatric conditions (411). Partial deletions in NEGR1 were documented to cause 
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learning and behavioural difficulties (412), while rare complete deletions resulted in 

moderate cognitive disability and severe language impairment (413).  

Additionally, genome-wide time-to-event analyses revealed an association between all-

cause AFSW and ADAM11 in A Disintegrin And Metalloprotease family. ADAM family 

comprised over 30 different membrane-spanning proteins that regulated receptor-

mediated signals and participated in cell-cell and cell-matrix communications (414). In 

contrast to other family members, ADAM11 encoded protein did not contain a catalytic 

motif, but behaved as an adhesion molecule and was predominantly expressed in CNS 

(415). A Disintegrin And Metalloprotease 11 was critical for normal neural function and 

its defects manifested as deficits in motor function, spatial learning (416) and abnormal 

nociception (415). Functional studies reported widespread gene involvement in neuron-

glial and neuron-neuron communications during early development and adulthood 

(417). Moreover, ADAM11 was also described in genetic investigations of familial 

epilepsy (418) and cerebral white matter hyperintensity (419) and educational 

attainment GWAS (373). 

Similarly, another novel AFSW-associated locus TBC1D5/SATB1 was implicated in several 

neurological and neurodevelopmental phenotypes. GTPase activating protein TBC1D5 

enhanced retromer activity which had a role in Parkinson's and Alzheimer's diseases, 

whereas Satb1 coded for a nuclear scaffold protein involved in long-range chromatin 

remodelling and influencing the expression of neurodevelopmental genes (420,421). 

Both genes were abundant in developing the somatosensory cortex (420) as well as the 

postnatal brain, where they demonstrated associations with brain morphology, cortical 

thickness and general cognitive function (422). Moreover, multiple genetic studies 

related polymorphisms within genetic sequences of TBC1D5/SATB1 locus to increased 

risk of schizophrenia (423), Tourette syndrome (424), autism (425), major depression 

(426,427) and neuroticism (427,428). 
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An additional genomic region on chromosome 21 that showed significant association 

with the age of refractive correction contained the BRWD1 gene encoding chromatin 

regular in the WD-repeat protein family. The BRWD1 was located within Down 

Syndrome Critical Regions (DSCRs) and was involved in neural differentiation and signal 

transduction processes (429). Moreover, the gene was among other histone regulators 

implicated in neural development and plasticity (430). In particular, aberrant histone 

regulation in CNS disrupted normal neurodevelopment and resulted in subsequent 

behavioural abnormalities and neurological diseases later in life (430). Several GWAS 

reported common polymorphisms within BRWD1 that influenced populations cognitive 

function (431,432) and were predisposed to bipolar disorder (372). 

TRIB2 was a new gene associated with the age of refractive correction, but not reported 

for any other refractive phenotypes. The gene encoded a member of the Tribbles 

protein family (trbl) that modulated signal transduction pathways (433). Animal model 

experiments suggested the Tribble family could participate in eye development and trbl 

gene mutations were likely suppressing ocular overgrowth phenotypes(434). Tribbles 

Pseudokinase 2 was reported as associated with several ocular disorders including 

autoimmune uveitis (435), AMD (436), age-related cataracts (437) and POAG (438). 

Additionally, TRIB2, expressed in the human trabecular meshwork (439), showed 

associations with glaucoma-related parameters, specifically the optic nerve cup area 

(440). These findings were consistent with published results indicating genetic 

pleiotropy between myopia and optic nerve changes (99). 

Four out of six novel loci associated with AFSW were replicated at robust multiple testing 

correction levels. The TRIB2, TBC1D5 and ADAM11 genes were significantly associated 

with myopia correction at an earlier age, while BRWD1 showed association with myopia 

correction at older ages. Although NEGR1 and LOC100287944 were not significantly 

associated with the age of myopia onset in a replication dataset, they demonstrated the 

same direction of the effects as in the discovery GWAS, and it is possible that a lack of 
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statistical significance in replication analyses could be due to sample size and power 

limitations.  

The strongest genetic association was identified with a variant located within TSPAN10. 

This gene showed a moderate association with refractive error (99) but was strongly 

associated with corneal astigmatism (390) as well as with strabismus and amblyopia 

(441), which manifest early in childhood. Notably, the association between TSPAN10 

strabismus was independent of refractive error (441). Because the current study sample 

wasn't limited to individuals with myopia and hyperopia, the observed association 

between early AFSW and TSPAN10 may have reflected contributions from other ocular 

disorders such as astigmatism, strabismus or amblyopia.  

This study also found strong associations with markers located near or within ZMAT4, 

LAMA2 and GJD2 genes. Similarly to previously published results, I found that LAMA2 

and GJD2 had an early effect that increased with age (389). In particular, these genes 

were observed to have the strongest effect on myopia in 10 – 25-year-olds but were also 

expressed during the entire age span of myopia development (389).  

The results of this study confirm the strong correlation between AFSW and myopia. 

These results also demonstrate that AFSW is a complex phenotype that is likely to 

capture pleiotropic genetic effects that influence phenotypic traits other than myopia. 

SNP loci associated with AFSW appear to exert their effects at different time, although 

it is not clear whether the effect size changes over time of these loci are due in part to 

that pleiotropy or can simply be explained by their effects over myopia. 

A potential limitation of this investigation is that the phenotype used in the analyses was 

based on self-reported data and not on clinical evaluations. Although self-reported data 

is occasionally prone to recall bias that could affect the results, its wider availability 

compared to directly measured refractive error may lead to statistical power gains. 

Other potential limitation includes the generalisability of these results. The effect sizes 

we report were largely consistent in the two large European population cohorts in which 

they were initially estimated and replicated. However, both cohorts are likely to be 

enriched for myopic participants. Findings in these cohorts may not be generalisable to 
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other general population cohorts, and particularly they may not apply to more diverse 

populations. 

The time-to-event analyses presented in this thesis identified genome-significant 

associations with 44 independent loci, most of which were documented in refractive 

error and myopia GWAS. The study results demonstrate that the effects of many of 

these regions strongly correlate with myopic refraction but vary with age, which to date 

was reported for a handful of spherical equivalent genes. Additionally, associations with 

six novel regions were uncovered of which four were successfully replicated in an 

independent cohort. The results of this investigation support the role of neural 

development and signalling in the pathogenesis of myopia. The findings of this study 

further our knowledge on the genetic basis of refractive disorders and demonstrate the 

value of large-scale population-based genetic studies. 
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7.1 Introduction 

Myopia on the most common ocular conditions worldwide, affecting 30% of the world 

population but its prevalence is still rising, especially in East Asia (127,442), where the 

proportion of urban-dwelling adolescents with myopia gradually increased from 56% in 

2006 to 65% in 2015 (443). In the last 15 years, a 20% increase in myopia prevalence was 

observed among Chinese children and adolescents and is expected to reach 83% by 2050 

(444). Although East Asian countries recorded the highest prevalence rates, a gradual 

myopic shift was also seen in other regions of the world. For example, in Australia and 

Northern Ireland cross-sectional investigations documented a significant increase in 

myopia prevalence among 12-year-old children (445,446). The studies conducted in the 

US also found evidence of increasing prevalence (59), particularly in young adults (447). 

Likewise, the data from adult populations suggested a significant myopic shift (448). 

Interestingly, a meta-analysis of observational studies of common ocular diseases in 

adults across Europe uncovered a marked generational effect for the rising myopia 

prevalence rates which increased from 18% to 24% in participants born before and after 

1940, respectively.-(58). Although younger birth cohorts were more educated, the 

reasons for generational effects were multifactorial (58). The relationship between the 

rising prevalence of myopia and education reflected a network of lifestyle exposures 

related to educational attainment, including near-work activities and limited time spent 

outdoors, pleiotropic effects between intelligence and myopia, and socioeconomic 

factors affecting educational opportunities (58). 

The rising myopia prevalence rates coincided with rapid urbanisation. A marked increase 

in the prevalence of myopia was documented in immigrants from India and Malaysia 

who moved to industrialised societies like Singapore, possibly indicating that 

maladaptation to a different environment, lifestyle and diet could affect the expression 

of myopia (449). Notably, the increase in prevalence rates of cardiovascular disease was 

also attributed not only to the ageing of the population but an accelerated process of 
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urbanisation and associated insulin resistance. Therefore, it was proposed that the 

increasing prevalence of myopia could be also a consequence of the socio-economic 

transition and adoption of a westernised lifestyle. Westernised lifestyle comprised of 

behavioural patterns that prioritised near-work due to increasing educational demands 

but were also associated with habitual sedentariness and high glycaemic diet that led to 

insulin resistance and morbidity. Interestingly, myopia was more prevalent among 

patients with diabetes compared to non-diabetic controls and was associated with 

inadequate metabolic control (450). Additionally, there was evidence indicating that 

insulin resistance could potentially play a role in myopisation by inducing chronic 

hyperinsulinemia which promoted axial elongation (181). Accordingly, the exploration 

of the population's morbidity structure, such as the glycaemic profile of the population, 

but also other diseases, could have theoretically been contributing to the growing 

myopia prevalence. Similarly, the patterns of medication use also varied across 

generations and could be potential factors behind the development of refractive 

disorders. Although mechanisms of adverse drugs reactions are not representative of 

the morbidity in a wider population, investigation of the population’s medication-taking 

patterns could reveal exceptional mechanisms influencing refractive errors through 

pathways that may not be physiological. Systemic medication associations were 

reported for several ocular diseases and traits such as IOP and glaucoma (451,452), 

where selective serotonin reuptake inhibitors, calcium channel and angiotensin 

receptor blockers were shown to alter disease risk and progression (453). However, 

although transient refractive errors are definitely induced by certain pharmacological 

agents as previously documented (192), the relationship between chronic medication-

taking and refractive disorders in the general population hasn't been thoroughly 

examined. 

To further study biological mechanisms involved in the aetiology of refractive errors, I 

examined the relationship between systemic medication use and mean spherical 

equivalent in a large subsample of UK Biobank participants. The study aimed to assess 
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whether childhood-onset refractive errors could predict future medication-taking 

behaviour and use these insights to decipher novel disease mechanisms.   
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7.2 Association Between Medication-Taking and Refractive Error 

in a Large General Population-Based Cohort 

This chapter is presented as a published paper and is an exact copy of the following 

journal publication: 

Karina Patasova; Anthony P. Khawaja; Bani Tamraz; Katie M. Williams; Omar A. Mahroo; 

Maxim Freidin; Ameenat L. Solebo; Jelle Vehof; Mario Falchi; Jugnoo S. Rahi; Chris J. 

Hammond; Pirro G. Hysi. Association Between Medication-Taking and Refractive Error 

in a Large General Population-Based Cohort. Invest. Ophthalmol. Vis. Sci., 62, 15–15. 

https://doi.org/10.1167/iovs.62.2.15. Epub February 2021 
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8.1 Contributions to research and implications  

The genetic work described in this thesis contributed significantly to the understanding 

of the genetic architecture of refractive disorders (110). Meta-analysis presented in this 

thesis built on previous genetic research and identified association with 438 discrete 

genomic regions. Cumulatively, associated genetic polymorphisms predicted 18.4% of 

refractive error heritability compared to only 8% of variance explained by previously 

published results (110). The prediction model incorporating the PRS markedly improved 

the genetic prediction of common near-sightedness in European adults demonstrating 

a high AUC of 0.74 – 0.75 for moderate and severe myopia, respectively (99). 

The PRS-model based on SNPs associated with refractive error in Europeans also 

accurately predicted high and moderate myopia in Asian schoolchildren. The PRS alone 

outperformed a prediction model that included conventional measurement of parental 

myopia. The combination of genetic risk alleles and parental myopia with other factors 

such as time spent outdoors significantly improved the prediction of severe myopia risk 

in Asian teenagers, yielding one of the highest AUC reported for this age group. These 

results indicated the potential clinical value of the current PRS model which could be 

used to detect high-risk children and guide myopia prevention strategies.  

In addition to building and training a PRS-based myopia prediction model that was 

independently validated in the sample of Singaporean schoolchildren, I performed post-

GWAS analyses that facilitated the discovery of major mechanisms driving the 

pathogenesis of refractive disorders. In particular, I found evidence indicating significant 

pleiotropy between CNS and refractive error. Through the work that I did on eQTL, it 

was revealed that genes involved in refractive error were significantly enriched in CNS 

tissues. Strong genetic correlations with multiple neurocognitive traits and subsequent 

MR analyses suggested shared genetic effects with cognitive functions, and higher CNS 

regulatory mechanisms, each contributing to smaller proportions of refractive error 
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variance. Work in which I contributed to, for the first time provided statistical support 

linking circadian rhythm genes to refractive development in humans. In the functional 

analyses, which I performed, significant enrichment was seen in gene-sets associated 

with circadian entrainment. Gene enrichment for binding sites of the transcription 

factors involved in circadian rhythm regulation was also observed. Particularly, fifteen 

different refractive error genes identified in the meta-GWAS of Europeans (99) were 

previously reported as associated with circadian entrainment. For example, PROX1, 

CREB1, PPARGC1A, RORB, RORA, TCF4 and SUV39H1 regulated circadian rhythm, while 

ZFHX3, PARGC1A, NRIP1, SIX3 and DRD1 modulated diurnal gene expression or 

influenced circadian behaviour and sleep/wake cycle. Interestingly, some of these 

genes, such as the homeobox-containing class (454), coordinate retinal progenitor cell 

proliferation and cell fate specification (455), but also play a role in pituitary gland 

development (456,457) and are required for superchiasmatic nucleus circadian output 

(458). Recent evidence suggests that retinal development is in part regulated by 

circadian clock-related pathways. In particular, during retinal embryonic phase as well 

as postnatally circadian clocks regulate precursor proliferation and differentiation, by 

ensuring appropriate timing of these processes. In addition to guiding retinal 

development, the clock appears to integrate environmental cues and modulate a 

number of pathological processes in the retina and other ocular compartments, 

including myopisation (454).  

The hypothesis that disordered rhythms and clock genes contributed to the 

development of refractive disorders gained the most support from experimental 

research (332). Growing evidence implicated diurnal and circadian rhythm in postnatal 

eye growth and refractive development (324). In both animals and human eyes, 

anatomical and physiological features such as axial length, choroidal thickness and IOP, 

underwent diurnal oscillations. Systematically, these natural rhythms were coordinated 

by the ''master clock'' within the suprachiasmatic nucleus, which received signals from 
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photosensitive ganglion cells via activation of photopigment melanopsin. Retina also 

contained an endogenous pacemaker (clock) that regulated retinal physiology by 

adapting vision to the day-night cycle and modulating retinal signalling to the circadian 

system. Circadian biology was controlled by light exposure, and dysregulation of 

circadian rhythm caused by patterns of ambient lighting was shown to perturb normal 

diurnal oscillations of ocular parameters in animal models. Alternatively, retinal 

neurotransmitter dopamine synchronised intrinsic retinal rhythms to the day-night cycle 

but was also involved in retinal signalling and refractive development, providing another 

explanation for the relationship between circadian rhythmicity and refractive 

development. Circadian clocks are based on transcriptional-translational feedback loops 

utilising clock genes and their proteins expressed by the retina (324).  

Work, which I led and contributed to, characterised molecular mechanisms driving the 

refractive development in the general population and identified over 400 common 

variants, explaining a considerable proportion of spherical equivalent variability and 

heritability (99). Identified refractive error susceptibility loci greatly improved risk 

prediction for common myopia and could be utilised in the near future to create 

personalised strategies for myopia prevention. Additionally, this study uncovered two 

major sets of mechanisms indistinguishable from previous smaller GWAS (99). The 

meta-analysis found evidence of elevated IOP causing myopic changes which carried 

significant implications for future research as well as myopia prevention and treatment 

strategies (99). Moreover, in addition to local ocular mechanisms, meta-analysis 

implicated broader CNS functions (99). The results of this investigation demonstrated 

that disturbances in circadian rhythm could lead to refractive errors in humans – a 

hypothesis which was previously supported largely by data from animal experiments 

and limited investigations of ocular growth in human eyes, but not by genetic research 

(324).  
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Chapter 5 of this thesis presented the results of refractive error WES conducted on a 

subsample of the UK Biobank participants of European descent. The study examined 

genes with a focus on rare mutations within protein-coding regions of the genome. 

Gene-based analyses revealed eight genes associated with spherical equivalent, five of 

which were not documented in previous refractive error GWAS. The statistically 

strongest association was found for SIX6, the SIX/sine oculis family homeodomain 

transcription factor implicated in early eye development and highly expressed in adult 

ciliary body, sclera, choroid, optic nerve head as well as the retina (346).  

The genomic signal at the SIX6 locus was narrowed down to a single potentially causal 

marker rs146737847, whose amino acid change (Glu129Lys) affected the homeobox 

DNA-binding domain. This evolutionarily conserved variant was independently 

associated with VCDR and increased the susceptibility to POAG in European (348) and 

Asian populations (459). However, UK Biobank WES was the first instance relating 

rs146737847 to refractive error variance.  

One of the new candidates CRX demonstrated a second Bonferroni-significant 

relationship, while others showed suggestive evidence of association with refraction. 

CRX was nested within a broader genomic locus reported in the refractive error meta-

analysis which was part of this thesis (99). However, UK Biobank WES was the first 

genetic investigation that provided direct evidence for the association between cone-

rod homeobox gene and refractive error. CRX encoded a photoreceptor-specific 

transcription factor expressed in the inner nuclear layer, where it engaged with other 

transcription factors and promoted photoreceptor cell differentiation and maintenance 

(460). It has been suggested that CRX was regulating more than 700 genes in 

photoreceptor-specific cells, including its downstream genes rhodopsin (RHO) and cone 

arrestin (ARR4) (461). The expression of cone-rod homeobox protein in retinal 

neurocytes exhibited a luminescence-dependent decrease upon light exposure with 

similar downstream effects observed in rhodopsin and arrestin, whose upregulated 
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expression was implicated in myopia pathogenesis (462). With the evidence of light 

driving emmentropisation, Wu et al. speculated that CRX upregulation in the retinal 

neurocytes cultured in darkness pointed at the potential gene involvement in myopia 

formation (355), however, until now there was no evidence demonstrating its' effects in 

humans. The association between spherical error and the CRX also upheld the previous 

findings implicating circadian rhythm in refractive development and ocular growth. In 

addition to photoreceptors and RPE cells, the cone-rod homeobox gene was abundant 

in the pineal gland, where it exhibited daily expression rhythms (463) and expedited 

nocturnal melatonin synthesis (464). 

The broad implications of refractive error WES were that variants with large effects over 

the population's spherical equivalent appeared to be extremely rare. Rare variants with 

strong effects generally cause Mendelian disorders and rare markers with small and 

intermediate effects were difficult to capture because of the limited statistical power of 

traditional analytical methods at that end of the minor allele frequency range (465). 

Previous genome-wide rare variant analyses that aggregated several related 

phenotypes and used samples of hundreds of thousands of sequenced participants, had 

reported more than 30 loci harbouring rare markers enriched for cardiometabolic traits 

(119). It is still possible that increasing sample sizes from analysis of the UK Biobank full 

cohort, or through collaborations of international cohorts will enable future discovery 

of additional rare variants associated with refractive error. This investigation also 

illustrated the advantages of high-quality whole-exome sequencing over array methods 

that showed power limitations and bias arising from population admixture (379). 

Recently, published large-scale UK Biobank analyses indicated that many genetic 

associations obtained using sequencing techniques could not be identified with chip-

based methods. In many cases, polymorphisms with MAF < 1% were below the range of 

allele frequencies that could be confidently imputed. Moreover, the unique variant 
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composition of the UK Biobank exome-sequencing dataset was not accessible by chip 

but vital for the detection of novel associations with rare variants (117). 

The genetic determinants of the age of first spectacle wear were studied in genome-

wide time-to-event analyses performed on 340,318 participants of European descent. 

The study revealed genetic similarity and a strong genetic correlation between refractive 

error and the age of the first wear, but also the age of myopia onset (108). The findings 

of this investigation suggested that the effects of significant genetic associations 

strongly correlated with myopic refractive error, but changed with age, which was 

reported for few known refractive error genes. For instance, ZMAT4, BMP3 and 

TSPAN10 showed much earlier onset of myopia than other significant loci, with effects 

peaking in adolescence and diminishing after 30, whereas SOX2-OT conferred a lower 

risk of myopic refraction at a later age. Among 44 significant genomic regions, six were 

novel and not reported by prior GWAS. Most of the novel loci had no reported ocular 

effects but participated in higher CNS functions.  

Understanding the genetic basis of age of first spectacle wear was critical for the early 

screening programs and gaining insight into the aetiology and progression of refractive 

disorders. Genetic determinants reported by case-control studies are predictive of 

measures of the age-at-diagnosis. Alleles associated with the later age of onset may 

influence pathophysiology through several mechanisms, some of which are not 

necessarily shared with the early-onset refractive error. Currently, only one study 

investigated genetic variants associated with the age of refractive correction (29). The 

publication presented in the thesis expanded the number of refractive error loci with 

known age-specific effects from previously published 20 to 44. In the future, these 

genotypes can be utilised to detect children who are more likely to develop myopia at a 

younger age and should be targeted for earlier and more aggressive myopia prevention. 

The key benefit of using genetic information instead of screening for low-level 
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hypermetropia is that genotyping can be performed at a very young age before the 

reduction of childhood hypermetropic refraction starts.  

The biological mechanisms underlying the development of refractive disorders were 

further investigated utilising the data on self-reported medication-taking in the UK 

Biobank cohort. The strongest associations were observed between refractive error and 

different classes of IOP lowering medications, specifically three prostaglandin agonists, 

two carbonic anhydrase inhibitors and beta-blockers. The participants who reported 

taking anti-glaucoma preparations had spherical equivalent 1-2 Dioptres lower than that 

of other study subjects. 

 The results of animal studies suggested that ocular hypotensive drugs, such as 

brimonidine and timolol, could potentially prevent myopia (466) and attenuate its 

progression in guinea pigs (467) and chicks (468). Additionally, recent studies indicated 

that antimuscarinic antagonists, such as atropine, inhibited myopia via α- adrenoceptors 

(469) and not muscarinic acetylcholine receptors as previously believed (470). A report 

by Carr et al. testing the hypothesis that α-adrenoceptors could affect ocular growth in 

chicks revealed that intravitreal injection of brimonidine prevented axial elongation and 

inhibited experimentally induced myopic refraction (468). In the UK Biobank study, 

presented in the thesis, brimonidine was nominally associated with myopic refractive 

error (p-value= 0.002), although this relationship did not reach the level of Bonferroni 

adjustment significance. Nonetheless, observed in animal studies inhibition of lens and 

form-deprivation myopia by brimonidine (468) and latanoprost (471) treatments, 

respectively, was attributed to the reduction of IOP. Intraocular pressure has been 

proposed as contributing factor to accommodation-induced myopic refractive error. 

Elevated IOP was linked to ocular axial elongation and was reported as an independent 

susceptibility factor for myopia (472). Additionally, in observational studies participants 

with myopia exhibited significant IOP elevation compared to subjects with emmetropic 

vision (473). However, prospective investigations found no significant difference in the 
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intraocular pressure between children with myopic and normal refraction, although 

they documented a marked increase of IOP in the incident sub-sample following the 

onset of near-sightedness (237,474,475). By contrast, experimental studies indicated 

that axial elongation and myopia could be directly induced by intraocular pressure raised 

by intravitreal fluid injection (476). Consistently with these findings, it was observed that 

axial length decreased following the lowering IOP after a trabeculectomy which 

provided additional evidence for the causal relationship between intraocular pressure 

and axial myopia (477). Previous research also suggested that accommodation-induced 

IOP changes could affect myopia progression (478) Similarly, in the UK Biobank 

investigation observed correlation between myopic refractive error and anti-glaucoma 

medications was a consequence of increased IOP.  

Another interesting, yet unexpected finding reported in this thesis was the association 

between self-reported use of pain management medications and hypermetropic 

refraction. Individuals receiving analgesics were significantly more hypermetropic than 

subjects that did not report regularly taking painkillers. Importantly, the associations 

were found for a heterogeneous group of pain control medications, including opioids, 

gabapentinoids and NSAIDs which suggested confounding by the underlying condition. 

Subsequent Mendelian Randomisation analyses uncovered a causal relationship 

between multisite chronic pain and hyperopic refraction, which was a completely novel 

finding, not described elsewhere. The pathophysiology of chronic pain is not completely 

understood, but studies implicated multiple biological and psychological processes 

related to immune response, metabolism, cellular growth and protein degradation 

(479). However, neurotransmission was overrepresented in all chronic pain conditions 

(480) Particularly, genetic evidence underscored the involvement of neural signalling, 

precisely imbalances in ascending nociceptive and descending inhibitory signalling (479). 

Genes associated with chronic pain were enriched for neuro projection guidance, CNS 

neuron differentiation, DCC-mediated attractive signalling, as well as neurogenesis 
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(481), with some of these processes also implicated in the pathogenesis of refractive 

error (99) and AFSW (108). The lower excitation of neurons in chronic pain conditions 

was linked to polymorphisms regulating cation and noncation channels (482). 

Interestingly, spherical error was influenced by genes encoding cation channels, and 

more broadly, related to the efficiency of visual signal transduction (99). 

Another significant association was found for self-reported intake of medications aimed 

at metabolic diseases. Specifically, UK Biobank participants who were taking 

antihyperglycemic agents on average displayed spherical equivalent 0.15 – 0.24 lower 

than the non-user group. Subsequent Mendelian randomisation analyses indicated that 

anti-diabetes preparations could be causally associated with negative refraction. 

However, it was still possible that some of the observed correlations were owed to the 

association with diabetes and hypoglycaemia. Poor metabolic control and the high 

glycaemic load have been previously suggested as potential contributing factors to 

myopia development (185). Observational investigations found that the prevalence of 

myopia was considerably higher in patients with diabetes compared to the background 

population (185,483,484). Moreover, near-sightedness in individuals with diabetes was 

described as late-onset and with a lower degree of refractive error than in the general 

population (532). It has been hypothesised that myopic refractive changes seen in 

patients with diabetes could be lens-induced. In particular, hyperglycaemia appeared to 

thicken the crystalline lens and increase refractive index which caused the osmotic 

difference between the lens tissue and aqueous humour (185,187,485). Alternatively, 

pupillary autonomic neuropathy that often-preceded systemic dysfunction of the 

sympathetic and parasympathetic systems could also play part in the association 

between poor metabolic control and myopia (486). 

Chronic inflammation underlies the pathogenesis of diabetes (487), chronic pain (482) 

and COPD (488) and could provide an alternative explanation for observed associations 

between different pharmacological classes and refractive error. A number of reports 
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highlighted the role of inflammation in myopia onset and progression. For example, in 

longitudinal cohort of patients with juvenile chronic arthritis (JCA) myopic refractive 

error was detected in greater fraction of affected individuals compared to an age-

matched control group (229,489). Similarly, transient high myopia was documented in 

systemic lupus erythematosus (490–492) and attributed to anterior displacement of the 

iris lens diaphragm (491). Overall, patients with inflammatory disorders exhibited higher 

incidence of myopia than disease-free individuals. Myopic refraction was more common 

among patients with diabetes compared to the general population (38% vs 27%) and 

diabetes type I and II were among other morbidity factors predisposing to myopia 

(176,185,186,483,484). Chronic uveitis, that has a potential to induce acute or 

constitutive near-sightedness, was observed in 10–20% of individuals with JCA (493–

495) and potentially contributed to myopia progression in these patients. Elevated 

expression levels of inflammatory cytokines, such as IL-1β and -6, TGF-β, TNF-α, IL-6 and 

TNF-α, were found in the serum of diabetes patients (487) and the aqueous humor of 

individuals affected by JCA (496).  

The elevated levels of inflammatory cytokines supported the notion that chronic 

inflammatory or systemic acute state associated with these diseases possibly 

contributed to the occurrence of near-sightedness. In particular, TNF-α, TGF-β and IL-6, 

activated NF-κB, a transcription factor important for regulation of inflammatory 

response. Interestingly, TGF-β signalling via NF-κB targeted MMP2 (497) which was 

shown to cleave collagens, therefore accelerating myopia progression (497–499). 

Consistent with this hypothesis, TGF-β and MMP2 transcription levels were increased in 

the myopic eyes, whereas expression of COL1 was supressed. Additionally, these 

changes were overset by administration of atropine which decreased expression of TGF-

β and MMP2 and promoted COL1 expression in the retina and sclera (229). Atropine also 

downregulated other inflammatory cytokines, including IL-6 and TGF- α and c-Fos, 

whose expression was increased in the myopic eyes (229). Similarly, refractive error 
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shifted towards hyperopic values after treatment with immunosuppressive agent, such 

as cyclosporine, while the inflammatory stimulators induced myopic shift (229). 

Nevertheless, despite proposed molecular mechanism implicating tumour necrosis 

factors and interleukins, it seems unlikely that association between ocular inflammation 

and near-sightedness could explain the rising prevalence rates in East and South-East 

Asia(167). There is no correlation between international prevalence of myopia and that 

of allergic rhino conjunctivitis in children and adolescents (500). The possibility that eye 

rubbing due to allergies can lead to myopic refraction through the damage to cornea, as 

seen in keratoconus (501), was not confirmed by subsequent investigations (502). The 

influence of time spent outdoors was also not explored in the observational studies 

reporting associations between inflammatory diseases and near-sightedness (167). 

Another plausible mechanism was that lower vitamin D levels, naturally seen in children 

who spent less time outdoors, could be confounding association between myopia and 

inflammatory and autoimmune conditions (503). Studies in both humans and animals 

provided compelling evidence suggesting that through actions on systemic 

inflammation and insulin secretion and resistance, vitamin D supplementation 

decreased the incidence of diabetes type I and II and could be potentially utilised in the 

disease treatment and prevention (503). Interestingly, children and young adults with 

myopia exhibited significantly lower vitamin D levels than nonmyopic individuals 

(median 67.6 vs. 72.5 nmol) (504,505). However, these results were initially reported by 

cross-sectional investigations and later detailed longitudinal survival and Mendelian 

randomisation analyses (158) revealed no causal relationship between vitamin D and 

myopia. Vitamin D3 was biomarker of time spent outdoors whose residual effects 

confounded association with near-sightedness (506). In MR analyses, the effect of 

genetically determined vitamin D levels over degree of spherical error was 

indistinguishable from zero (507). 
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I investigated the impact of several disorders associated with chronic inflammation on 

the observed relationship between hypermetropic refractive error and analgesics. 

Dorsalgia, soft tissue and joint disorders as well as gonarthrosis were the most common 

diagnoses among UK Biobank participants who reported taking pain control 

medications. Nonetheless, removal of the study subjects with these diseases did not 

impact the significance of the association with pain management medications. 

Consistent with other MR studies (508), there was no statically significant relationship, 

neither pleiotropic or causal, between spherical error and rheumatoid arthritis.  

UK Biobank study described in the thesis was the first attempt to systematically examine 

the relationship between medication intake and refractive error in a population-based 

cohort and utilise patterns of medication use and underlying morbidity to elucidate 

mechanisms involved in refractive development. This study provided evidence 

supporting the causal role of IOP in myopia development, but also for the first time 

identified chronic pain as a potential risk factor for hypermetropia. Significant 

associations were also identified for medications aimed at diabetes, gout and COPD; 

however, these relationships require further investigation. 

8.2 Limitations  

Limitations to this work should be acknowledged and were discussed in detail in each 

chapter. One of the most important methodological issues that have to be addressed is 

the distinction between correlation and causation. Different sensitivity and Mendelian 

Randomisation analyses were used in order to tackle the issue of causation. Although 

Mendelian randomisation methods were utilised to discriminate between causal 

associations and pleiotropic correlations, strong statistical evidence for one mechanism 

could not conclusively exclude the influence of other contributing mechanisms. 

Furthermore, some of the utilised MR models displayed uneven power due to the 

number or quality of the instruments, which was the reason for not finding conclusive 
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evidence for some of the detected associations. Moreover, it must be underscored that 

statistical evidence of causal association doesn't necessarily imply a true biological 

relationship. Thus, additional functional analyses are required to further understand 

some of the correlations, including the relationship between multisite chronic pain and 

hyperopic refractive error.  

This thesis presented the findings of a genome-wide meta-analysis of refractive error 

and time-to-event analysis of the age of first spectacle wear. Although the insights from 

these studies contributed to a better understanding of the pathophysiology of refractive 

disorders the limitations of their methodology must be acknowledged. It is worth 

mentioning, that genome-wide association studies did not necessarily identify causal 

variants but instead captured genomic signals, which were driven by a local correlation 

of multiple SNPs due to linkage disequilibrium, complicating the discovery of actual 

causal variants (264). Moreover, most association signals reported by GWAS were 

mapped to in non-coding regions of the genome, thus the etiological and functional 

implications of these associations were less straightforward (509,510) compared to 

protein-altering mutations. Consequently, additional post-GWAS analyses were often 

needed to discern causal markers and their targeted genes, including functional and 

evolutionary analyses as well as resequencing and remapping of multi-ethnic and 

admixed populations (264). Furthermore, despite technological advancements and the 

development of new statistical methods, functional characterisation still had to be 

based on a hypothesis about the underlying mechanisms (264). 

Another issue with detecting causal associations in GWAS was the reporting of 

numerous susceptibility loci. For example, it was determined that for such highly 

polygenic traits as height, close to a hundred thousand SNPs had to be identified in order 

to explain 80% of heritability, which suggested that a substantial fraction of all genes 

was implicated in the complex trait variance (511). Addressing this, a proposed 

"omnigenic" model argued that due to significant interconnection of various gene 
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networks all genes expressed in the disease-related cells were likely to have nontrivial 

effects on the risk of the disease, whose heritability could be explained almost entirely 

by the gene effects outside core pathways (511). Therefore, it was suggested that genes 

associated with the continuum between monogenic and polygenic forms of the disease 

were more likely to be implicated in the core biological pathways and should be 

prioritised for future genetic investigations (512) 

Nonetheless, despite difficulties in interpreting GWAS hits, improvements in fine-

mapping and prioritisation of variants for functional follow-up contributed to a better 

understanding of the biological function and causality of observed genetic associations 

(264). For example, the improved density of SNP arrays as well as imputation panels 

helped to achieve high mapping resolution of common SNP associations in GWA studies 

(264). Moreover, genetic signals could be further refined in trans-ethnic meta-analyses 

by exploiting discrepancies between populations and toning down the associations with 

proxies (264). Additionally, the integration of GWAS findings with publicly available 

databases of regulatory elements across different tissues and cell types, such as GTEx, 

expedited the identification of functionally relevant genes (264). 

Although thousands of susceptibility loci had been identified in GWAS, it had been 

suggested that common polymorphisms captured one-third to two-thirds of the 

heritability of most complex traits (513). For example, additive genetic effects 

contributing to the distribution of the population's refractive error, explaining 18% of its 

variance (99). However, in paediatric cohorts, SNP-based heritability of cycloplegic 

refractive error reached 35% which implied that genetic associations identified by 

traditional GWAS accounted for less than half of heritability reported by twin studies 

(162). There were several reasons for missing heritability. One probable explanation was 

that GWAS were underpowered to detect associations with variants of modest effect 

due to conservative Bonferroni correction threshold (514). The statistical power in 
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genome-wide investigations could be improved with larger sample sizes as well as the 

implementation of alternative statistical approaches (515–517) and study designs. 

Discrepancies between SNP-based and twin heritability arose from genetic influence not 

captured by GWAS – rare variants, epigenetic effects, genetic nurturing, gene-

environment interactions and epistasis (518). Evidence of nonadditive genetic effects, 

also known as epistasis, was challenging to assess using GWAS due to a lack of statistical 

power and methodological issues (519) Previous estimates indicated that epistasis most 

likely contributed a small fraction of genetic variance, thus very large sample sizes were 

needed to detect significant gene-gene interactions (519). Moreover, some epistatic 

effects were diluted by the loss of information due to imperfect linkage between 

genotyped and causal markers (520). 

Meta-GWAS of refractive error examined gene-by-environment interactions with 

education, but despite a well-powered sample, only one locus showed significant 

interaction with educational attainment (99). This paucity of significant gene-

environment interactions with education indicated that this relationship could be 

compounded by several other factors and possibly non-linear nature, as proposed by 

previous investigations (327). Recently novel methods inferring gene-environment 

interactions from genetic variants influencing phenotype variance were developed (521) 

and could potentially improve future studies investigating the interplay between genes 

and the environment. 

Although empirical evidence indicated that much of complex trait heritability could be 

attributed to common genetic variation (513), rare and ultra-rare polymorphisms were 

also expected to contribute (264). However, SNP array-based GWAS are currently not 

sufficiently powered to detect associations with rare markers which were analysed in 

whole-exome and whole-genome sequencing studies.  
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 I examined the contribution of the rare variants to the refractive error in the UK Biobank 

whole-exome sequencing study. The study analyses used a simple dominant model of 

inheritance, however previous publications demonstrated the value of recessive and 

compound heterozygosity models that included gene-gene and gene-variant 

interactions (522) and could provide a novel interesting direction for future myopia 

research. Moreover, the gene-based analyses were limited to the coding regions of the 

genome, even though non-coding genetic variation was shown to play a role in several 

complex disorders (375), and thus could be potentially relevant for myopia. The 

replication was sought in two independent cohorts using chip array data which proved 

to be less powerful than whole-exome sequencing methods. One of the general 

limitations of customised chip arrays was that they relied on imputation to infer 

genotypes of untyped rare variants by using reference panels. Imputation accuracy was 

typically lower for markers with MAF <1% (523). The ability to correctly impute rare 

markers was largely limited because rare variants were observed few times in the 

reference panel. This made it harder to determine the haplotype background and 

decreased the set of reference haplotypes available for matching. Imputation quality 

also depended on a number of factors, including the size of the reference panel, 

haplotype accuracy and the density of genotyping array (523). Given the low density of 

genotyping array in the BDES study, a substantial discordance between imputed and 

observed genotypes could lead to an inflation of the association results (378). Moreover, 

CREAM studies were genotyped separately and then recalled jointly to increase the 

calling accuracy. However, this approach also decreased power. Alternatively, the meta-

analysis of gene-level rare variant association studies allowed to retain genetic 

information and had the advantage of boosting power (524) . Nevertheless, these issues 

were common limitations of array-based studies, and full validation of the results could 

be achieved using large exome sequencing cohorts. Moreover, the limited power of rare 

variants could be increased with the integration of additional sequencing data from 

national biobanks and cohorts.  
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8.3 Future directions 

Following the work presented in this thesis, there are several potential directions for 

future myopia research. As discussed in this chapter, refractive error was genetically 

heterogeneous and influenced by genetic polymorphisms involved in the development 

of eye structures, but also participating in the regulation of circadian rhythm as well as 

pigmentation. The genetic loci reported by refractive error GWAS meta-analysis 

explained 18% of spherical equivalent heritability and were highly predictive of common 

myopia. However, further work is required to validate these findings in the populations 

of other ancestral and demographic groups. While the utility of PRS to predict myopia 

risk in large cohorts of European ancestry was previously examined in several 

publications, few studies assessed the generalisability of PRS in East-Asian populations 

where the prevalence and the burden of myopia are among the highest. I evaluated the 

utility of the PRS based on European SNPs to predict high and moderate myopia in the 

sample of Singaporean children, where selected variants in combination with parental 

myopia and time outdoors demonstrated a good accuracy of prediction. Nevertheless, 

the PRS alone had AUC between 0.57 and 0.64, indicating that the accuracy of genetic 

prediction could be further improved. This can be achieved with large-scale GWAS of 

refractive error and myopia in Asians which would help build better PRS and ascertain 

their performance before translation of these findings to clinical practice.  

Polygenic risk scores for myopia could be further improved with the discovery of new 

susceptibility loci. The power estimates suggest that approximately 13,808 genetic 

markers contribute to spherical equivalent heritability of which 10.3% is explained by 

543 SNPs with relatively large effects and the remaining 20.8% by common variants with 

lesser effects (99). Therefore, it is expected that the proportion of explained variance 

will continue to increase with even larger sample sizes but start to plateau around 1 

million participants. For this reason, future genetic research should also focus on other 
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sources of missing heritability, including epistasis, genetic nurturing, rare variants and 

gene-environment interactions.  

UK Biobank WES presented in the thesis demonstrated that variants with large effects 

over refractive error were extremely rare. Nonetheless, it is still possible that with the 

release of the third tranche of the UK Biobank exome-sequencing project covering 

additional 300,000 participants, new rare variants will be identified. However, 

replication of these results will remain a challenge due to the unavailability of large 

independent samples with high-quality whole-exome sequencing data.  

Additionally, to novel genetic associations with refractive error, this thesis reported 

genetic polymorphisms influencing the age of refractive correction. Genome-wide AFSW 

time-to-event analyses conducted in UK Biobank detected 44 distinct loci that exhibited 

effects over the age of refractive correction hazard. Some of the known myopia risk 

genes were expressed at an earlier age and were more inhibited after the second decade 

of life. However, the study did not explore the causes of observed age-dependent 

effects. Interestingly, to date, only one publication examined the influence of lifestyle 

factors over the genetic risk of refractive error onset. ALSPAC study found nominal 

evidence suggesting that interaction with near-work could alter the age-dependent 

effects of some refractive error genes (391). Nonetheless, the gene-environment 

interactions with near-work or time spent outdoors were scarce for the vast majority of 

loci predisposing to childhood refractive errors, most likely due to limited statistical 

power and differences in environmental risk exposures between study cohorts (391).  

Identification of lifestyles and genetic associations augments a better understanding of 

disease pathophysiology and facilitates precision medicine. The assessment of individual 

myopia risk presents a significant challenge due to the vast number of genetic 

polymorphisms and behavioural factors that influence susceptibility to the disease. 

Notably, prediction models that incorporated parental myopia and measures of 
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biometry and visual acuity achieved higher AUC (AUC 0.82-0.93) (27,28,525) than 

models limited to the life-course factors and lacking data on hereditary factors and 

ocular parameters (AUC 0.68) (173). This suggested that genetic, lifestyle and 

developmental influences were important for individual myopia risk assessment. 

Therefore, the improvement of current prediction models could be achieved with the 

inclusion of additional susceptibility markers and refinement of associations with known 

environmental risk exposures. 

Genetic associations contributed to another aspect of precision medicine, 

pharmacogenomics. Pharmacogenomics studied the effects of certain genotypes and 

other “omics” on the variability of human drug response. Previous reports documented 

over 3,000,000 polymorphisms associated with altered pharmacologic response in 

individuals or populations (526), including variants affecting the efficacy of treatments 

for pathological myopia (527). Whole-genome analyses of genetic networks were used 

in pharmacogenomics to expedite the discovery of new pharmacological compounds 

and the repurposing of existing drugs (528). Given that pharmacological options for 

myopia are currently limited to atropine and methylxanthine which either cause 

significant adverse effects or show limited efficacy, there is a need for novel anti-myopia 

treatments. The work of this thesis demonstrates that investigations of populations 

medication-use patterns could lead to the discovery of novel disease pathogenesis 

mechanisms as well as help identify pharmacological agents that could be repurposed 

for myopia (528). However, future interrogation of novel drug targets and 

pharmacological candidates for myopia control will largely depend on the discovery and 

characterization of the cell-specific signalling mechanisms driving emmentropisation 

and refractive error development (528). 
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8.4 Conclusions  

In this thesis, I explored the genetic influences of refractive errors and myopia. The work 

presented in this thesis suggested that refractive error was a highly polygenic and 

genetically heterogeneous trait influenced by common variants located within the genes 

that regulated anatomical eye development, circadian rhythm and pigmentation. 

Further evidence was found for the gene involved in retinal signalling, and more broadly 

in higher CNS functions. Moreover, for the first time, a causal link between elevated IOP 

and myopic refraction was reported. Refractive error exhibited a moderately strong 

genetic correlation with age of first spectacle wear and overall genetic polymorphisms 

associated with myopia predisposed to an earlier age of refractive error. Nonetheless, 

some known myopia genes, such as LAMA2, BMP3 and TSPAN10 exerted their effects 

particularly early in life, while other genes were expressed during the entire lifespan. 

Time-to-event analyses of the age of first spectacle wear identified six novel loci, 

demonstrating the utility of self-reported age of lens correction as a proxy for refractive 

error in GWA studies. The thesis also examined the impact of rare genetic variance on 

the population’s refractive error and found associations with eight genes five of which 

were not described in previous genetic work. The top signals were detected at SIX6 and 

CRX loci, while suggestive evidence was observed for six other candidates. SIX6 encoded 

transcription factor involved in the optic disc as well as retinal development and 

morphology. The newly identified CRX gene was a master regulator of photoreceptor 

cell proliferation and specification and exhibited light-mediated effects on ocular 

growth. Other novel candidates were implicated in neurogenesis, neural signalling and 

were linked to learning disorders.  

Additionally, biological mechanisms underlying the pathogenesis of refractive errors 

were explored by examining the relationship between medication-taking and spherical 

equivalent in a large population-based cohort. Eighteen different pharmacological 

treatments showed significant associations with refractive error in the UK Biobank 
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cohort. Significant evidence was found for anti-glaucoma preparations, medications 

aimed at metabolic diseases and pain management treatments. Participants who 

reported taking antiglaucoma medications had spherical equivalent that was on average 

1-2 Dioptres lower compared to non-users. However, the observed correlation with 

antiglaucoma agents was influenced by a causal association between elevated IOP and 

myopic refraction. Similarly, in the group of participants who required refractive 

correction at a later age, self-reported use of oral antihyperglycemic agents correlated 

with lower refractive error. There was evidence that this relationship was causal and not 

confounded by underlying diseases. Another interesting finding was an unexpected 

association between different classes of analgesics and hypermetropic refractive error. 

Notably, subsequent analyses revealed that the observed association with pain control 

medications was confounded by causal association with chronic pain which contributed 

to hypermetropic refraction at adulthood. The UK Biobank study was the first attempt 

to systematically assess the relationship between populations medication use patterns 

and refractive error. This investigation identified several classes of medications 

associated with refractive changes and found evidence supporting the causal role of IOP 

and chronic pain in refractive development. 

The work presented advances current knowledge about the pathophysiology of 

refractive errors, reporting several major mechanisms driving the ocular growth and 

emmentropisation. Nonetheless, known common refractive error susceptibility variants 

cumulatively explained approximately 20% of phenotypic variance and predicted 

common but not severe myopia, leaving room for improvement. It is expected that 

additional loci will be discovered with increasing sample sizes. Whole exome and 

genome sequencing studies will further bridge the gap between estimated heritability 

and reported genetic associations. Additional biological pathways could be identified by 

investigating the relationship between refractive error and other morbidities. 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_1773395 RDH5 rs3138142 T C 0.17 0.08 0.003 5.7x10-174 -0.75 0.02 8.3x10-253 -0.11 0.005 5.0x10-104 1.83 x10-22 

ILMN_1671237 GNGT2 rs7222840 T C 0.31 0.04 0.003 1.3x10-44 0.44 0.02 7.4x10-109 0.08 0.007 2.3x10-32 0.0003 

ILMN_1779182 TMEM98 rs29009 G A 0.14 -0.04 0.003 2.7x10-26 0.52 0.03 2.76x10-84 -0.07 0.007 1.2x10-20 0.10 

ILMN_1673682 GATAD2A rs6909 G A 0.35 -0.02 0.003 3.1x10-20 0.58 0.02 5.1x10-210 -0.04 0.005 1.0x10-18 1.5 x10-07 

ILMN_1757350 CTNNB1 rs11711946 C T 0.48 -0.03 0.002 1.0x10-26 -0.28 0.02 2.4x10-47 0.09 0.011 8.0x10-18 0.04 

ILMN_1679917 ARL16 rs11150805 T C 0.17 0.03 0.003 3.0x10-19 -0.73 0.02 7.4x10-201 -0.04 0.005 8.1x10-18 7.2 x10-15 

ILMN_1810474 UBE2I rs710902 T C 0.11 0.03 0.004 6.4x10-18 0.84 0.03 5.4x10-200 0.04 0.005 1.1x10-16 0.01 

ILMN_2367165 ABTB1 rs9859117 C G 0.20 0.03 0.003 3.4x10-19 0.50 0.02 3.2x10-101 0.05 0.006 1.5x10-16 0.002 

ILMN_1802096 ABTB1 rs9859117 C G 0.20 0.03 0.003 3.4x10-19 0.43 0.02 1.3x10-72 0.06 0.008 1.1x10-15 0.01 

ILMN_1754489 FBXL20 rs8076462 G C 0.26 -0.03 0.003 5.2x10-23 0.30 0.02 3.14x10-42 -0.09 0.011 1.3 x10-15 0.5 

ILMN_1776723 PHF11 rs7322077 A G 0.46 0.02 0.002 3.9x10-16 -0.68 0.02 0.00E+00 -0.03 0.004 1.5 x10-15 2.9 x10-11 

ILMN_2336109 L3MBTL2 rs139486 G C 0.37 -0.02 0.002 5.5x10-17 -0.49 0.02 1.4x10-149 0.04 0.005 1.5 x10-15 1.5 x10-09 

ILMN_1823231 HS.571502 rs13438889 A G 0.18 0.05 0.003 4.7x10-60 0.23 0.03 4.61x10-19 0.22 0.029 4.8 x10-15 1.4x10-07 

ILMN_2300695 IKZF3 rs2517955 C T 0.32 -0.02 0.003 1.0x10-17 -0.38 0.02 5.17x10-82 0.06 0.007 5.1 x10-15 1.7x10-06 

ILMN_1727495 L3MBTL3 rs7740107 T A 0.26 0.02 0.003 4.6x10-15 0.59 0.02 2.4x10-180 0.04 0.005 4.1x10-14 0.005 

ILMN_1662741 EDG4 rs880090 C G 0.25 -0.02 0.003 3.2x10-15 -0.53 0.02 2.1x10-144 0.04 0.005 5.0x10-14 3.9 x10-09 

ILMN_1680673 NT5DC1 rs9387383 G A 0.46 -0.02 0.002 9.8x10-20 -0.25 0.02 4.21x10-40 0.09 0.011 6.5 x10-14 2.2 x10-07 

ILMN_1784428 MGC57346 rs4074462 T G 0.23 0.02 0.003 3.1x10-14 0.86 0.02 0.00E+00 0.03 0.003 8.1 x10 14 0.36 

ILMN_1683127 ZNF281 rs2808519 G T 0.28 0.02 0.003 2.0x10-16 0.37 0.02 2.53x10-67 0.06 0.008 1.1 x10-13 1.9 x10-06 

ILMN_1696463 SPI1 rs1057233 G A 0.32 0.02 0.003 8.7x10-14 -0.82 0.02 0.00E+00 -0.02 0.003 1.7 x10-13 0.0002 

ILMN_1699631 GATS rs7811662 G A 0.28 -0.02 0.003 6.9x10-14 0.77 0.02 0.00E+00 -0.03 0.004 1.8 x10-13 0.05 

ILMN_1781184 MYBPC3 rs7105851 T C 0.32 0.02 0.003 9.5x10-14 -0.64 0.02 4.4x10-262 -0.03 0.004 3.3 x10-13 0.0004 

ILMN_1724367 NDUFB1 rs3814833 G A 0.31 0.02 0.003 1.7x10-17 -0.27 0.02 1.04x10-40 -0.08 0.011 7.1 x10-13 1.3 x10-07 

ILMN_1743621 C17ORF69 rs17426195 A G 0.23 0.02 0.003 3.2x10-14 0.50 0.02 5.7x10-105 0.05 0.006 7.6 x10-13 0.3 

ILMN_2043615 C17ORF90 rs7219915 T C 0.49 0.02 0.002 8.8x10-14 -0.45 0.02 2.7x10-130 -0.04 0.006 1.0 x10-12 4.3x10-11 

ILMN_1805344 DDX5 rs1991401 G A 0.32 -0.02 0.003 1.8x10-13 -0.54 0.02 4.9x10-176 0.03 0.005 1.0 x10-12 NA 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_1652525 FAM125B rs10122788 G A 0.43 -0.02 0.002 1.1x10-13 0.46 0.02 9.9 x10-139 -0.04 0.005 1.1 x10-12 0.02 

ILMN_2390162 PHF11 rs7322886 T C 0.37 0.03 0.002 5.8x10-26 0.19 0.02 6.66 x10-22 0.14 0.019 1.2 x10-12 0.02 

ILMN_2344956 ACP1 rs4455191 C T 0.33 -0.02 0.003 1.1 x10-17 0.25 0.02 1.81 x10-35 -0.09 0.012 1.8 x10-12 0.45 

ILMN_1812926 ANTXR2 rs7699282 T C 0.39 0.03 0.002 9.0x10-27 -0.18 0.02 2.99 x10-20 -0.14 0.021 2.8 x10-12 4.1 x10-05 

ILMN_2226519 CYP2D7P1 rs2413667 C A 0.21 -0.02 0.003 1.3x10-15 -0.34 0.02 4.56 x10-46 0.07 0.010 3.1 x10-12 0.3 

ILMN_1823112 HS.377257 rs12618537 G C 0.08 -0.05 0.004 8.8x10-26 0.33 0.04 2.65 x10-20 -0.14 0.020 4.1 x10-12 0.00 

ILMN_2347193 GSDMB rs9901146 A G 0.51 0.02 0.002 3.5x10-12 -0.63 0.02 2.4 x10-292 -0.03 0.004 8.4 x10-12 7.1 x10-11 

ILMN_1809883 CCDC134 rs9607821 T C 0.45 -0.02 0.002 3.3x10-18 -0.21 0.02 1.48 x10-27 0.10 0.015 1.1 x10-11 0.001 

ILMN_2228180 MSRA rs9329221 T G 0.47 0.02 0.002 8.3 x10-13 -0.39 0.02 6.18 x10-94 -0.04 0.007 1.4 x10-11 0.001 

ILMN_2315979 LBH rs7562727 G A 0.48 -0.02 0.002 2.8 x10-12 0.45 0.02 2.3 x10-130 -0.04 0.006 1.9 x10-11 3.4 x10-08 

ILMN_1794612 UBA7 rs1128535 T C 0.50 0.02 0.002 8.2 x10-12 -0.58 0.02 4.2 x10-237 -0.03 0.004 2.2 x10-11 0.02 

ILMN_1784264 TNFSF13 rs6608 T C 0.18 0.02 0.003 2.6 x10-13 -0.40 0.03 7.82 x10-58 -0.06 0.009 2.8 x10-11 0.0003 

ILMN_2259223 TMTC4 rs9582406 C G 0.33 0.02 0.003 3.6 x10-13 0.32 0.02 7.13 x10-57 0.06 0.009 3.8 x10-11 0.003 

ILMN_1686135 CCDC45 rs1991401 G A 0.32 -0.02 0.003 1.8 x10-13 0.30 0.02 7.8 x10-51 -0.06 0.009 3.9 x10-11 NA 

ILMN_1811650 DUS2L rs6499163 T G 0.19 -0.02 0.003 1.4 x10-11 0.71 0.02 1.9 x10-201 -0.03 0.005 4.3 x10-11 0.002 

ILMN_1738239 RBM6 rs2245365 A C 0.47 -0.02 0.002 3.4 x10-11 0.66 0.02 0.00E+00 -0.02 0.004 6.5 x10-11 0.02 

ILMN_1682572 KIAA0528 rs10842030 C T 0.05 -0.04 0.005 2.8 x10-13 0.61 0.04 2.51 x10-47 -0.07 0.010 7.1 x10-11 0.00001 

ILMN_2183687 LIME1 rs6011066 G A 0.34 -0.02 0.003 2.5 x10-11 0.46 0.02 2.5 x10-118 -0.04 0.006 1.4 x10-10 0.009 

ILMN_2284706 PHF11 rs7317982 T C 0.46 0.02 0.002 4.9 x10-16 -0.20 0.02 1.98 x10-25 -0.10 0.015 1.5 x10-10 0.0002 

ILMN_1712929 DNAJB12 rs9415064 C T 0.36 -0.02 0.002 1.9 x10-15 0.21 0.02 4.73 x10-27 -0.09 0.014 1.6 x10-10 0.31 

ILMN_1726769 CNDP2 rs8084058 A G 0.40 0.02 0.002 4.0 x10-11 -0.46 0.02 5.7 x10-129 -0.04 0.006 1.9 x10-10 0.001 

ILMN_1811110 TDRD9 rs6576012 T C 0.29 -0.02 0.003 2.9 x10-11 0.45 0.02 2.1 x10-107 -0.04 0.006 1.9 x10-10 0.003 

ILMN_2336609 SYTL2 rs290200 A G 0.33 -0.02 0.003 1.0 x10-10 -0.67 0.02 8 x10-293 0.02 0.004 2.0 x10-10 5.9 x10-07 

ILMN_1688240 PHOSPHO1 rs11650975 T C 0.24 -0.02 0.003 6.3 x10-12 0.36 0.02 1.54 x10-59 -0.05 0.008 2.4 x10-10 2.5 x10-12 

ILMN_1682929 SYTL2 rs290200 A G 0.33 -0.02 0.003 1.0 x10-10 -0.55 0.02 1.2 x10-184 0.03 0.005 2.9E-10 1.1 x10-06 

ILMN_1653708 CORO1B rs1476792 C T 0.44 -0.02 0.002 1.1 x10-11 -0.30 0.02 1.14 x10-56 0.05 0.009 4.2E-10 0.6 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_2333865 DNAJB12 rs9415066 T C 0.30 -0.02 0.002 4.6 x10-17 0.19 0.02 1.07 x10-20 -0.11 0.017 4.4E-10 0.6 

ILMN_1678235 KIAA1267 rs4630591 T C 0.22 0.02 0.003 4.1 x10-13 -0.29 0.02 3.0 x10-34 -0.08 0.012 4.5 x10-10 0.01 

ILMN_2094952 NUAK2 rs7526603 T G 0.39 0.02 0.002 7.4 x10-12 0.28 0.02 3.8 x10-47 0.06 0.010 6.1 x10-10 0.02 

ILMN_1657347 PODXL2 rs9859117 C G 0.20 0.03 0.003 3.4 x10-19 0.21 0.02 1.3 x10-17 0.13 0.021 6.4 x10-10 2.3x x10-05 

ILMN_2377019 CORO1B rs1476792 C T 0.44 -0.02 0.002 1.1 x10-11 -0.28 0.02 1.9 x10-49 0.06 0.009 6.7 x10-10 0.1 

ILMN_1786759 C11ORF10 rs174538 A G 0.32 -0.02 0.003 5.4 x10-11 0.36 0.02 2.5 x10-67 -0.05 0.008 8.5 x10-10 0.01 

ILMN_1698218 TRAF1 rs2416804 G C 0.44 -0.02 0.002 7.1 x10-11 -0.34 0.02 3.83 x10-73 0.05 0.007 8.7 x10-10 0.03 

ILMN_1765851 TRADD rs1053612 G A 0.08 -0.03 0.005 2.7 x10-10 -0.87 0.03 2.3 x10-137 0.03 0.005 9.4 x10-10 0.3 

ILMN_1741994 L3MBTL3 rs7740107 T A 0.26 0.02 0.003 4.6 x10-15 0.21 0.02 6.21 x10-22 0.10 0.017 1.2 x10-09 0.04 

ILMN_1862217 HS.532698 rs8040632 G C 0.06 0.03 0.004 9.2 x10-11 -0.63 0.04 7.84 x10-67 -0.05 0.008 1.3 x10-09 0.0004 

ILMN_2234229 PRMT6 rs1623927 T C 0.34 0.02 0.003 6.0 x10-10 -0.57 0.02 5.3 x10-202 -0.03 0.004 1.3 x10-09 0.2 

ILMN_2061435 MEG3 rs7141210 T C 0.31 0.02 0.003 3.8 x10-10 -0.42 0.02 1.14 x10-96 -0.04 0.006 2.0 x10-09 0.2 

ILMN_1798014 EIF2S2 rs2268079 A G 0.41 0.02 0.002 1.6 x10-11 -0.25 0.02 2.34 x10-37 -0.07 0.011 2.5 x10-09 2.1E-06 

ILMN_1668924 BEGAIN rs4074037 G A 0.40 0.01 0.002 1.7 x10-09 -0.51 0.02 4.3 x10-163 -0.03 0.005 4.0 x10-09 0.2 

ILMN_2364022 SLC16A3 rs9747201 A C 0.32 -0.02 0.003 4.9 x10-10 0.36 0.02 5.42x10-72 -0.04 0.007 4.1x10-09 4.5x10-07 

ILMN_1807540 CBARA1 rs12357282 A G 0.34 -0.02 0.002 3.3 x10-14 0.19 0.02 1.84 x10-20 -0.10 0.017 4.3 x10-09 0.02 

ILMN_1778668 TAGLN rs10790177 A G 0.23 -0.02 0.003 3.4 x10-09 -0.93 0.02 0.00E+00 0.02 0.003 4.5 x10-09 0.1 

ILMN_1813834 PRMT6 rs1730858 T C 0.34 0.02 0.002 6.6 x10-10 -0.36 0.02 1.02 x10-74 -0.04 0.007 4.9 x10-09 0.4 

ILMN_1791912 SIDT2 rs4938353 G A 0.18 -0.02 0.003 5.8 x10-09 -1.09 0.02 0.00E+00 0.02 0.003 7.1 x10-09 0.02 

ILMN_1683096 ASB1 rs483166 A G 0.43 -0.01 0.002 4.9 x10-10 -0.30 0.02 1.05x10-54 0.05 0.009 7.5 x10-09 0.0003 

ILMN_1814022 NR1H3 rs3758673 T C 0.30 -0.02 0.003 8.2 x10-10 -0.34 0.02 2.06 x10-59 0.05 0.008 9.3 x10-09 0.02 

ILMN_2120965 NPAT rs623860 C T 0.44 -0.02 0.002 6.7 x10-18 -0.15 0.02 1.65 x10-14 0.14 0.024 9.9 x10-09 0.1 

ILMN_1742544 MEF2C rs661311 T C 0.22 -0.02 0.003 4.2 x10-10 -0.34 0.02 1.03 x10-46 0.05 0.009 1.0 x10-08 0.01 

ILMN_1664978 TJP2 rs2309424 G A 0.41 0.01 0.002 1.9 x10-09 -0.36 0.02 1.16 x10-79 -0.04 0.007 1.1 x10-08 6.2x10-07 

ILMN_1829845 HS.553301 rs2148568 T C 0.40 -0.01 0.002 7.2 x10-09 0.67 0.02 0.00E+00 -0.02 0.004 1.1 x10-08 0.01 

ILMN_1799011 CEP250 rs10359 G A 0.23 -0.02 0.003 1.1 x10-14 -0.19 0.02 1.91 x10-17 0.11 0.020 1.1 x10-08 0.01 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_1699545 PCSK7 rs7107152 A G 0.21 -0.02 0.003 2.4 x10-09 0.44 0.02 4.04 x10-85 -0.04 0.007 1.1 x10-08 0.1 

ILMN_1763972 TJP2 rs2993820 C A 0.50 -0.02 0.002 3.2 x10-12 0.19 0.02 6.96 x10-23 -0.09 0.015 1.3x10-08 0.0003 

ILMN_1690921 STAT2 rs808919 G C 0.07 0.03 0.005 2.6 x10-10 -0.48 0.04 2.61 x10-38 -0.06 0.011 1.4x10-08 0.04 

ILMN_1711823 C17ORF70 rs7224579 G A 0.34 0.03 0.003 4.8 x10-26 -0.14 0.02 1.68 x10-11 -0.20 0.036 1.4x10-08 0.0004 

ILMN_1714384 PCCA rs2254579 C G 0.42 0.03 0.002 1.7 x10-25 0.13 0.02 1.37 x10-11 0.19 0.034 1.4x10-08 0.2 

ILMN_2048607 ANKRD9 rs1044502 A G 0.31 0.01 0.003 9.2 x10-09 -0.54 0.02 1.7 x10-169 -0.03 0.005 1.9x10-08 0.02 

ILMN_2134224 ATP13A1 rs2304130 G A 0.09 -0.02 0.004 1.5 x10-08 1.17 0.03 0.00E+00 -0.02 0.004 2.1x10-08 5.1 x10-11 

ILMN_1715994 HGS rs11150805 T C 0.17 0.03 0.003 3.0 x10-19 0.18 0.03 1.51 x10-12 0.16 0.028 2.8x10-08 0.04 

ILMN_2413318 C15ORF57 rs4923876 A G 0.41 -0.01 0.002 4.9 x10-09 0.34 0.02 1.4 x10-69 -0.04 0.008 2.8x10-08 0.5 

ILMN_1807600 NPLOC4 rs9913546 A C 0.22 0.02 0.003 1.1 x10-11 0.23 0.02 6.15 x10--22 0.09 0.015 2.9x10-08 9.4 x10-07 

ILMN_1725071 CCDC12 rs11130111 C T 0.43 -0.02 0.002 4.6 x10-12 -0.18 0.02 2.53 x10--20 0.09 0.017 3.1x10-08 0.8 

ILMN_2359742 CTSB rs7013950 C T 0.16 -0.02 0.003 1.8 x10-08 0.75 0.02 1.2 x10-210 -0.02 0.004 3.1x10-08 1.9x10-07 

ILMN_1764320 C8ORF58 rs11782130 T G 0.33 -0.02 0.003 6.8 x10-17 0.15 0.02 1.46 x10-13 -0.14 0.025 3.1x10-08 0.10 

ILMN_1680353 NSF rs183211 A G 0.24 0.02 0.003 2.4 x10-11 0.22 0.02 4.45 x10-22 0.08 0.015 4.0x10-08 0.02 

ILMN_1677376 CHD7 rs4237038 G A 0.25 0.02 0.003 2.2 x10-11 -0.21 0.02 2.09 x10-21 -0.09 0.016 4.4 x10-08 0.01 

ILMN_2304495 PPP1R1B rs879606 A G 0.16 -0.02 0.003 2.0 x10-12 0.22 0.03 8 x10-18 -0.10 0.019 5.2x10-08 0.001 

ILMN_1694731 CLCN7 rs12923519 T C 0.11 0.02 0.004 2.4 x10-08 -0.72 0.03 3.2 x10-130 -0.03 0.006 5.3x10-08 0.03 

ILMN_1658399 KLRG1 rs7311267 C T 0.34 0.01 0.002 2.1 x10-08 -0.41 0.02 8.47 x10-98 -0.03 0.006 6.2x10-08 1.1 x10-08 

ILMN_1812474 TFG rs591728 C T 0.36 -0.01 0.003 4.8 x10-08 0.59 0.02 2.9 x10-219 -0.02 0.004 7.5x10-08 0.001 

ILMN_2073202 MEI1 rs6002406 T A 0.19 0.02 0.003 4.1 x10-09 0.32 0.02 1.85 x10-40 0.06 0.010 7.5x10-08 0.0003 

ILMN_1707448 CRKRS rs7219814 T C 0.10 -0.02 0.004 3.6 x10-08 -0.69 0.03 2.1 x10-111 0.03 0.006 8.8x10-08 4.1 x10-09 

ILMN_2400935 TAGLN rs1871757 T A 0.18 -0.02 0.003 1.0 x10-08 -0.38 0.03 1.41 x10-50 0.05 0.009 9.0x10-08 0.1 

ILMN_2384561 TJP2 rs10869976 T C 0.41 0.01 0.002 1.8 x10-09 -0.22 0.02 1.74 x10-30 -0.07 0.012 1.0x10-07 0.0003 

ILMN_1663195 MCM7 rs11771331 G A 0.34 -0.02 0.003 8.1 x10-11 0.19 0.02 1.54 x10-20 -0.09 0.016 1.0x10-10 0.0002 

ILMN_2394250 PLEKHA1 rs11200629 G A 0.48 -0.01 0.002 1.9 x10-08 -0.31 0.02 1.7 x10-59 0.04 0.008 1.1 x10-07 0.01 

ILMN_2042343 MRPL42P5 rs896795 T G 0.41 -0.01 0.002 4.3 x10-09 0.23 0.02 8.94 x10-32 -0.06 0.012 1.5 x10-07 0.02 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_1789793 NUAK2 rs7526603 T G 0.39 0.02 0.002 7.4 x10-12 0.16 0.02 5.85 x10-16 0.10 0.020 1.7x10-07 0.06 

ILMN_1721225 C20ORF4 rs4142032 C T 0.06 -0.03 0.005 5.1 x10-09 -0.43 0.04 5.22 x10-31 0.06 0.012 1.8 -07 0.06 

ILMN_1674038 CTSD rs7943617 A G 0.23 0.02 0.003 1.0 x10-10 -0.20 0.02 1.15 x10-18 -0.09 0.017 1.8 x10-07 0.02 

ILMN_1675048 IGF1R rs2654980 T C 0.23 0.02 0.003 3.7 x10-08 -0.36 0.02 2.24 x10-58 -0.04 0.008 1.9 x10-07 0.07 

ILMN_2186877 FLJ10213 rs2231928 A G 0.49 0.01 0.002 9.2 x10-09 -0.24 0.02 5.05 x10-35 -0.06 0.011 1.9 x10-07 0.004 

ILMN_1725244 HAT1 rs6433321 G T 0.44 -0.02 0.002 6.8 x10-12 0.16 0.02 1.53 x10-15 -0.11 0.020 2.0 x10-07 2.7 x10-10 

ILMN_1804789 KIAA1967 rs4592028 C T 0.32 -0.02 0.003 4.0 x10-17 -0.13 0.02 3.91 x10-11 0.16 0.030 2.0 x10-07 0.4 

ILMN_2392043 SPI1 rs326217 C T 0.29 0.01 0.003 2.1 x10-08 0.28 0.02 1.73 x10-43 0.05 0.010 2.1 x10-07 2.8 x10-06 

ILMN_2311278 ADD3 rs7071509 A G 0.14 -0.02 0.003 9.8 x10-09 0.33 0.03 3.19 x10-33 -0.06 0.012 2.3 x10-07 0.1 

ILMN_1690454 C3ORF54 rs695238 C A 0.50 0.02 0.002 1.1 x10-11 -0.15 0.02 1.56x10-15 -0.11 0.020 2.3 x10-07 0.3 

ILMN_1662839 PLEKHA1 rs11200594 T C 0.48 -0.01 0.002 2.3 x10-08 -0.26 0.02 1.3 x10-40 0.05 0.010 2.5 x10-07 0.06 

ILMN_1741131 CHRNB1 rs2302761 T C 0.21 0.02 0.003 8.33 x10-09 0.26 0.02 1.513 x10-28 0.06 0.013 3.2 x10-07 0.0002 

ILMN_2244009 LBH rs6755863 A G 0.35 -0.02 0.003 6.23 x10-10 0.18 0.02 1.723 x10-19 -0.09 0.017 3.3 x10-07 0.001 

ILMN_1781098 DNAJB12 rs9415064 C T 0.36 -0.02 0.002 1.93 x10-15 0.13 0.02 3.93 x10-11 -0.15 0.029 3.8 x10-07 0.3 

ILMN_2139052 ZKSCAN1 rs4729561 T C 0.34 -0.02 0.003 1.53 x10-11 -0.16 0.02 1.61 x10-14 0.11 0.022 4.0 x10-07 0.002 

ILMN_2200503 NIT2 rs13071905 T G 0.31 0.02 0.003 1.93 x10-09 -0.19 0.02 1.17 x10-20 -0.08 0.016 4.4 x10-07 0.02 

ILMN_1717594 DKFZP761E198 rs537786 C T 0.46 -0.02 0.002 1.03 x10-10 -0.15 0.02 2.87 x10-15 0.10 0.020 5.7 x10-07 0.003 

ILMN_1723522 APOLD1 rs34322 T C 0.48 0.01 0.002 4.03 x10-09 -0.18 0.02 9.54 x10-21 -0.08 0.016 6.4 x10-07 0.03 

ILMN_1732151 COL6A1 rs2839029 G A 0.44 -0.02 0.002 1.43 x10-14 -0.12 0.02 3.04 x10-10 0.15 0.031 1.1 x10-06 3.4 x10-06 

ILMN_2067370 SNRPF rs17289597 T C 0.06 0.02 0.004 3.53 x10-08 0.36 0.03 2.22 x10-25 0.06 0.013 1.1 x10-06 0.02 

ILMN_1709809 NHP2L1 rs132765 A G 0.19 0.02 0.003 5.63 x10-09 0.22 0.02 7.5 x10-19 0.08 0.017 1.1 x10-06 0.001 

ILMN_1794074 MXI1 rs1318388 T C 0.17 0.02 0.003 1.63 x10-09 -0.20 0.02 2.61 x10-16 -0.09 0.019 1.2 x10-06 0.1 

ILMN_1787378 ADD3 rs7069128 G A 0.14 -0.02 0.003 3.03 x10-08 0.27 0.03 8.52 x10-23 -0.07 0.014 1.4 x10-06 0.03 

ILMN_1706511 TEF rs9611565 C T 0.25 0.02 0.003 4.53 x10-08 0.23 0.02 1.31 x10-23 0.07 0.014 1.6 x10-06 0.001 

ILMN_1810550 BAIAP3 rs8063 A G 0.29 0.02 0.003 2.9x10-13 0.13 0.02 4.84 x10-10 0.16 0.033 2.2 x10-06 0.1 

ILMN_1684549 RNPC2 rs6120993 T G 0.13 -0.03 0.003 1.6x10-20 0.16 0.03 3.75 x10-08 -0.21 0.044 2.2 x10-06 0.5 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_1806456 C14ORF45 rs1005888 T C 0.13 0.02 0.003 4.3x10-08 0.24 0.03 5 x10-18 0.08 0.017 3.7 x10-06 0.01 

ILMN_1815102 LCAT rs255049 C T 0.20 -0.02 0.003 2.5 x10-14 0.14 0.02 6.24 x10-09 -0.16 0.035 3.8 x10-06 0.003 

ILMN_2286783 LRRC37A4 rs1635298 T A 0.24 0.02 0.003 4.0x10-12 -0.14 0.02 6.1 x10-10 -0.14 0.030 3.9 x10-06 0.1 

ILMN_1797519 DLK1 rs12882815 C G 0.31 0.02 0.003 4.4 x10-10 -0.14 0.02 6.37 x10-12 -0.11 0.024 3.9 x10-06 0.7 

ILMN_1675937 ANKRD9 rs1044502 A G 0.31 0.01 0.003 9.2 x10-09 -0.16 0.02 8.62 x10-15 -0.09 0.020 3.9 x10-06 0.0 

ILMN_1729915 PILRA rs2405442 T C 0.31 -0.02 0.003 1.0 x10-12 -0.13 0.02 1.65 x10-09 0.14 0.031 4.2 x10-06 0.5 

ILMN_1713249 PHF19 rs10760129 T C 0.44 -0.02 0.002 4.3 x10-11 -0.12 0.02 2.21 x10-10 0.13 0.028 4.8 x10-06 0.01 

ILMN_1724762 XKR6 rs4618656 A T 0.38 -0.01 0.002 1.5 x10-08 0.15 0.02 2.17 x10-14 -0.09 0.020 5.4 x10-06 0.004 

ILMN_1814526 ADD3 rs17126936 T C 0.13 -0.02 0.003 1.6 x10-08 0.20 0.03 6.54 x10-14 -0.10 0.021 6.3 x10-06 0.1 

ILMN_1790114 LOC474170 rs9915547 C T 0.23 0.02 0.003 2.4 x10-14 0.13 0.02 2.16 x10-08 0.17 0.038 6.4 x10-06 0.01 

ILMN_1676254 MTMR3 rs2074204 T C 0.25 -0.02 0.003 7.4 x10-09 0.16 0.02 1.29 x10-12 -0.10 0.022 7.4 x10-06 0.1 

ILMN_1745256 CXXC5 rs682164 G A 0.32 -0.02 0.003 4.9 x10-10 -0.13 0.02 1.22 x10-10 0.13 0.028 7.7 x10-06 0.2 

ILMN_2103841 AIP rs917570 G C 0.43 -0.02 0.003 1.8 x10-10 -0.12 0.02 3.61 x10-10 0.13 0.030 7.8 x10-06 0.5 

ILMN_1686516 CUGBP1 rs12419692 A C 0.35 0.02 0.003 2.1 x10-12 0.12 0.02 7.03 x10-09 0.15 0.034 7.8 x10-06 0.0003 

ILMN_1662198 RANGAP1 rs139519 G C 0.43 -0.02 0.002 5.3 x10-13 0.11 0.02 1.4 x10-08 -0.16 0.035 8.2 x10-06 0.0017 

ILMN_2344079 ZGPAT rs6062509 G T 0.34 -0.02 0.003 2.2 x10-11 -0.12 0.02 2.23 x10-09 0.14 0.031 8.2 x10-06 0.00001 

ILMN_1665235 CRTAP rs4075293 G T 0.24 0.02 0.003 2.0 x10-10 -0.14 0.02 4.57 x10-10 -0.13 0.028 8.5 x10-06 0.0 

ILMN_2123402 TMEM4 rs2306693 C T 0.07 0.03 0.005 3.9 x10-10 0.23 0.04 3.65 x10-10 0.13 0.029 9.5 x10-06 0.7 

ILMN_1652521 MTMR9 rs4410870 G C 0.39 -0.01 0.002 9.1 x10-10 -0.12 0.02 2.19 x10-10 0.12 0.027 1.0 x10-05 0.1 

ILMN_2089752 LOC285016 rs366330 C A 0.48 0.02 0.002 1.2 x10-11 0.11 0.02 6.74 x10-09 0.14 0.033 1.1 x10-05 0.0 

ILMN_1707342 LRIG1 rs2306272 C T 0.28 -0.01 0.003 1.8 x10-08 0.15 0.02 8.96 x10-12 -0.10 0.023 1.4 x10-05 0.6 

ILMN_2344182 TMTC4 rs1625099 G T 0.30 0.02 0.003 2.5 x10-10 0.13 0.02 2.77 x10-09 0.13 0.030 1.5 x10-05 0.3 

ILMN_2141941 TOR1AIP1 rs480377 T A 0.37 0.01 0.002 3.2 x10-09 -0.13 0.02 2.61 x10-10 -0.12 0.027 1.5 x10-05 0.01 

ILMN_1792538 CD7 rs11658061 T C 0.24 0.02 0.003 1.9 x10-10 0.13 0.02 1.03 x10-08 0.14 0.032 2.1 x10-05 0.01 

ILMN_2388272 MED24 rs6503525 C G 0.45 -0.01 0.002 3.6 x10-09 -0.12 0.02 1.26 x10-09 0.12 0.028 2.3 x10-05 0.01 

ILMN_1703412 LATS2 rs8001991 T C 0.27 0.02 0.003 9.1 x10-09 0.14 0.02 4.59 x10-10 0.11 0.027 2.4 x10-05 0.01 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ILMN_1715968 MLL4 rs2293688 G C 0.33 -0.02 0.003 2.3 x10-09 0.11 0.02 1.77 x10-08 -0.14 0.034 4.2 x10-05 0.1 

ILMN_1657405 SPPL3 rs3213566 T C 0.47 -0.01 0.002 6.1 x10-09 0.11 0.02 1.52 x10-08 -0.13 0.031 5.0 x10-05 0.1 

ILMN_1782385 POLR2A rs9889368 A G 0.25 0.02 0.003 4.8 x10-08 -0.13 0.02 1.62 x10-08 -0.12 0.030 8.7 x10-05 0.01 

Table 21 SMR results using the GTEx-brain summary eQTL data. The field "Probe ID" lists the ID for the eQTL probe. The column "Gene" is the gene that the probe eQTL effects act on, "topSNP" contains the SNP 

associated with the largest effects on the trait (AFSW); "A1", "A2" and "Freq" are the position (Build 37), effect allele, another allele, and effect allele frequency for the "topSNP", respectively. The fields 

"b_GWAS", "se_GWAS " and "p_GWAS " display the effect size, standard error, and p-value for the "topSNP". Columns "b_eQTL", "se_eQTL" and " p_eQTL" include the effect size, standard error, and p-value for 

the "Probe ID", "b_SMR", "se_SMR", and "p_SMR" are the effect size, standard error, and p-value results from the SMR analysis. The fields " p_HEIDI " include the p-value from the HEIDI (Heterogeneity In 

Dependent Instruments) test. 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ENSG00000163634.7 THOC7 rs832187 T C 0.64 0.01 0.002 8.38x10-09 0.50 0.08 5.4x10-10 0.03 0.007 2.42x10-05 0.99 

ENSG00000260051.1 LA16c-390E6.4 rs17135338 C T 0.11 0.02 0.004 1.62x10-08 -0.58 0.10 3.7x10-08 -0.04 0.010 8.08x10-05 0.98 

ENSG00000121454.4 LHX4 rs7536561 G A 0.52 0.01 0.002 2.21x10-08 -0.52 0.07 3.6x10-14 -0.03 0.006 6.78x10-06 0.92 

ENSG00000148700.9 ADD3 rs6584962 A G 0.15 -0.02 0.003 1.73x10-10 0.46 0.08 8.9x10-09 -0.05 0.011 1.93x10-05 0.85 

ENSG00000227888.3 FAM66A rs6601649 T C 0.57 0.01 0.002 4.88x10-10 0.80 0.10 8.1x10-16 0.02 0.004 8.48x10-07 0.84 

ENSG00000213402.2 PTPRCAP rs1638556 C T 0.44 -0.02 0.002 9.14x10-12 -0.88 0.08 7.3x10-30 0.02 0.003 5.05x10-09 0.84 

ENSG00000198890.6 PRMT6 rs1623927 C T 0.66 -0.02 0.003 5.98x10-10 0.40 0.07 1.5x10-08 -0.04 0.009 2.93x10-05 0.81 

ENSG00000218016.2 ZNF192P2 rs1225618 C A 0.39 -0.03 0.002 1.68x10-33 -0.69 0.09 1.1x10-13 0.04 0.007 2.56x10-10 0.81 

ENSG00000204961.5 PCDHA9 rs155814 C T 0.34 -0.02 0.003 1.98x10-12 0.79 0.11 4.4x10-12 -0.02 0.005 8.00x10-07 0.80 

ENSG00000120322.2 PCDHB8 rs10516156 A C 0.24 -0.02 0.003 7.38x10-10 0.62 0.10 7.0x10-10 -0.03 0.007 1.32x10-05 0.76 

ENSG00000264070.1 DND1P1 rs17689882 A G 0.23 0.02 0.003 2.86x10-14 0.66 0.11 1.1x10-09 0.03 0.007 1.95x10-06 0.75 

ENSG00000262539.1 RP11-259G18.3 rs199533 A G 0.22 0.02 0.003 2.05x10-14 1.34 0.11 2.2x10-34 0.02 0.003 8.95x10-11 0.73 

ENSG00000148143.8 ZNF462 rs7049113 G A 0.14 -0.03 0.003 9.85x10-14 0.72 0.11 1.4x10-10 -0.04 0.007 1.16x10-06 0.69 

ENSG00000086504.11 MRPL28 rs3743888 G C 0.61 0.02 0.003 3.16x10-09 -0.46 0.07 4.5x10-10 -0.03 0.008 1.75x10-05 0.69 

ENSG00000214826.4 DDX12P rs1549429 C T 0.48 -0.02 0.002 1.32x10-20 -0.94 0.08 3.4x10-29 0.02 0.003 7.92x10-13 0.66 

ENSG00000197062.7 RP5-874C20.3 rs1531681 A G 0.58 0.03 0.002 1.23x10-31 0.70 0.08 7.0x10-17 0.04 0.006 1.08x10-11 0.66 

ENSG00000253893.2 FAM85B rs2980439 A G 0.49 0.01 0.002 1.90x10-09 -0.65 0.10 4.9x10-10 -0.02 0.005 1.55x10-05 0.65 

ENSG00000241186.3 TDGF1 rs3806702 C T 0.25 -0.02 0.003 1.43x10-08 0.97 0.10 1.2x10-22 -0.02 0.003 9.29x10-07 0.63 

ENSG00000165934.8 CPSF2 rs2025070 C T 0.15 0.03 0.003 8.46x10-24 -0.77 0.10 7.2x10-15 -0.04 0.007 7.54x10-10 0.60 

ENSG00000186868.11 MAPT rs1876831 T C 0.23 0.02 0.003 1.26x10-14 -0.68 0.10 2.4x10-11 -0.03 0.006 4.44x10-07 0.53 

ENSG00000131484.3 RP11-798G7.5 rs1876831 T C 0.23 0.02 0.003 1.26x10-14 -0.66 0.11 2.0x10-09 -0.03 0.007 2.20x10-06 0.50 

ENSG00000214425.2 LRRC37A4P rs17426174 C G 0.23 0.02 0.003 2.63x10-14 -1.27 0.11 2.8x10-33 -0.02 0.003 1.26x10-10 0.47 

ENSG00000169738.3 DCXR rs9903371 G C 0.11 -0.02 0.004 3.16x10-08 0.74 0.10 2.4x10-12 -0.03 0.007 1.41x10-05 0.43 

ENSG00000111788.9 RP11-22B23.1 rs1549429 C T 0.48 -0.02 0.002 1.32x10-20 -1.04 0.08 3.5x10-38 0.02 0.003 4.29x10-14 0.43 

ENSG00000249244.1 RP11-548H18.2 rs1546505 G A 0.31 0.02 0.003 4.00x10-09 0.68 0.09 4.1x10-14 0.02 0.005 3.44x10-06 0.41 

ENSG00000255556.2 RP11-351I21.6 rs11250186 G A 0.57 0.01 0.002 6.51x10-09 0.68 0.10 2.7x10-11 0.02 0.005 1.21x10-05 0.40 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ENSG00000255098.1 RP11-481A20.11 rs11250186 G A 0.57 0.01 0.002 6.51x10-09 0.59 0.10 6.4x10-09 0.02 0.006 4.05x10-05 0.40 

ENSG00000214401.4 KANSL1-AS1 rs199533 A G 0.22 0.02 0.003 2.05x10-14 1.24 0.12 2.3x10-26 0.02 0.003 5.43x10-10 0.38 

ENSG00000182477.5 OR2B8P rs4713135 A G 0.24 -0.03 0.003 9.75x10-28 0.78 0.11 5.1x10-12 -0.04 0.007 5.39x10-09 0.37 

ENSG00000172493.16 AFF1 rs10489044 G A 0.20 0.02 0.003 1.25x10-10 -0.56 0.08 2.3x10-11 -0.03 0.007 3.57x10-06 0.34 

ENSG00000262500.1 RP11-259G18.2 rs199528 T C 0.21 0.02 0.003 5.28x10-15 1.22 0.11 2.3x10-26 0.02 0.003 3.02x10-10 0.33 

ENSG00000261575.2 RP11-259G18.1 rs17689882 A G 0.23 0.02 0.003 2.86x10-14 0.83 0.11 7.8x10-15 0.03 0.005 5.47x10-08 0.29 

ENSG00000173295.3 FAM86B3P rs2945232 C T 0.49 0.01 0.002 4.45x10-10 -0.49 0.07 5.1x10-14 -0.03 0.006 1.56x10-06 0.27 

ENSG00000185298.8 CCDC137 rs11150805 T C 0.17 0.03 0.003 3.02x10-19 0.56 0.10 4.5x10-08 0.05 0.011 3.00x10-06 0.25 

ENSG00000263503.1 RP11-707O23.5 rs1876831 T C 0.23 0.02 0.003 1.26x10-14 1.17 0.11 1.1x10-26 0.02 0.003 4.00x10-10 0.21 

ENSG00000254507.2 RP11-481A20.10 rs11250186 G A 0.57 0.01 0.002 6.51x10-09 0.71 0.10 2.6x10-13 0.02 0.004 5.47x10-06 0.21 

ENSG00000239389.3 PCDHA13 rs251379 A G 0.65 0.02 0.003 8.76x10-12 -0.86 0.09 6.8x10-20 -0.02 0.004 4.57x10-08 0.20 

ENSG00000226314.3 ZNF192P1 rs4713145 C T 0.24 -0.03 0.003 1.56x10-27 0.53 0.09 4.6x10-10 -0.06 0.010 6.39x10-08 0.19 

ENSG00000056558.6 TRAF1 rs10733648 C T 0.63 0.01 0.002 9.06x10-09 0.76 0.10 1.4x10-15 0.02 0.004 3.10x10-06 0.19 

ENSG00000254532.1 RP11-624D11.2 rs1222210 T C 0.22 0.03 0.003 1.82x10-20 0.78 0.12 5.7x10-11 0.03 0.006 8.74x10-08 0.19 

ENSG00000204650.9 CRHR1-IT1 rs1876831 T C 0.23 0.02 0.003 1.26x10-14 0.91 0.12 2.8x10-14 0.02 0.004 6.13x10-08 0.18 

ENSG00000066923.13 STAG3 rs2272345 G C 0.28 -0.02 0.003 1.06x10-13 0.51 0.09 3.6x10-09 -0.04 0.009 3.79x10-06 0.18 

ENSG00000147439.7 BIN3 rs11776549 T C 0.33 -0.02 0.003 6.40x10-17 0.50 0.09 1.2x10-08 -0.04 0.009 2.47x10-06 0.13 

ENSG00000164078.8 MST1R rs2280405 C G 0.46 -0.01 0.002 2.45x10-08 -0.62 0.10 2.4x10-10 0.02 0.005 2.84x10-05 0.13 

ENSG00000128891.11 C15orf57 rs17673703 A G 0.44 0.02 0.002 4.95x10-11 -0.76 0.08 1.0x10-23 -0.02 0.004 3.82x10-08 0.12 

ENSG00000004534.10 RBM6 rs2352974 T C 0.50 0.02 0.002 4.38x10-13 -0.93 0.08 3.1x10-32 -0.02 0.003 6.58x10-10 0.11 

ENSG00000114021.7 NIT2 rs2289506 T C 0.33 0.02 0.003 1.11x10-10 -0.75 0.09 2.2x10-16 -0.02 0.004 3.91x10-07 0.10 

ENSG00000267280.1 RP11-332H18.4 rs2240736 T C 0.75 -0.02 0.003 1.92x10-12 -0.46 0.07 3.0x10-10 0.04 0.009 2.69x10-06 0.09 

ENSG00000242353.1 RP4-710M3.1 rs594937 G A 0.78 -0.02 0.003 2.50x10-15 0.55 0.10 1.6x10-08 -0.04 0.009 4.22x10-06 0.08 

ENSG00000206535.3 LNP1 rs4928050 A G 0.41 0.01 0.002 2.16x10-08 -0.68 0.09 2.1x10-14 -0.02 0.004 6.29x10-06 0.07 

ENSG00000238083.3 LRRC37A2 rs17763086 G T 0.23 0.02 0.003 1.08x10-14 1.23 0.09 3.8x10-40 0.02 0.003 2.41x10-11 0.07 

ENSG00000011590.9 ZBTB32 rs231592 G A 0.46 -0.01 0.003 3.17x10-09 0.55 0.07 2.7x10-15 -0.03 0.006 2.14x10-06 0.06 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ENSG00000225190.4 PLEKHM1 rs1876831 T C 0.23 0.02 0.003 1.26x10-14 -0.41 0.07 2.0x10-08 -0.05 0.012 5.71x10-06 0.05 

ENSG00000219392.1 RP1-265C24.5 rs2281588 A G 0.24 -0.03 0.003 8.58x10-27 -0.77 0.10 1.9x10-14 0.04 0.006 4.70x10-10 0.05 

ENSG00000245958.2 RP11-33B1.1 rs3733520 G C 0.30 0.02 0.003 7.29x10-10 -0.91 0.10 1.1x10-20 -0.02 0.003 2.75x10-07 0.04 

ENSG00000268340.1 RP3-477O4.16 rs2236160 G A 0.23 -0.02 0.003 2.67x10-14 0.71 0.10 3.6x10-13 -0.03 0.006 1.45x10-07 0.04 

ENSG00000256427.1 RP11-118B22.4 rs34371 G A 0.63 -0.01 0.002 4.52x10-08 -0.60 0.09 1.3x10-11 0.02 0.005 2.09x10-05 0.04 

ENSG00000100413.12 POLR3H rs17367716 G A 0.20 0.02 0.003 5.34x10-09 0.72 0.12 6.4x10-10 0.02 0.006 2.21x10-05 0.03 

ENSG00000215347.3 SLC25A5P1 rs1062753 A G 0.29 -0.02 0.003 8.57x10-11 -0.46 0.08 1.6x10-09 0.04 0.008 9.86x10-06 0.03 

ENSG00000255753.1 RP11-22B23.2 rs6487747 C T 0.48 -0.02 0.002 9.55x10-21 -0.84 0.11 7.8x10-14 0.03 0.005 5.37x10-09 0.03 

ENSG00000106392.6 C1GALT1 rs11771259 G C 0.11 -0.02 0.004 3.26x10-10 1.12 0.13 3.2x10-17 -0.02 0.004 4.63x10-07 0.03 

ENSG00000187987.5 ZSCAN23 rs916403 G A 0.48 -0.02 0.002 2.57x10-22 0.51 0.07 1.5x10-12 -0.05 0.008 1.06x10-08 0.03 

ENSG00000156414.14 TDRD9 rs1187448 T C 0.29 -0.02 0.003 5.73x10-11 0.57 0.10 4.3x10-09 -0.03 0.007 1.23x10-05 0.03 

ENSG00000237037.5 NDUFA6-AS1 rs5758610 T C 0.21 -0.02 0.003 1.06x10-13 0.39 0.06 1.2x10-09 -0.05 0.012 2.53x10-06 0.03 

ENSG00000016391.6 CHDH rs17641133 A T 0.31 0.02 0.003 1.01x10-12 -0.48 0.08 1.4x10-08 -0.04 0.009 8.90x10-06 0.03 

ENSG00000237412.2 PRSS56 rs733603 G A 0.81 0.06 0.003 3.76x10-81 -0.57 0.09 1.6x10-10 -0.11 0.018 1.31x10-09 0.02 

ENSG00000259536.1 RP11-111A22.1 rs4924472 G T 0.57 0.01 0.002 1.79x10-08 -0.41 0.06 5.7x10-11 -0.03 0.008 1.95x10-05 0.02 

ENSG00000164068.11 RNF123 rs2271960 C T 0.50 0.02 0.002 9.67x10-12 0.65 0.08 1.0x10-16 0.02 0.005 1.40x10-07 0.02 

ENSG00000162873.10 KLHDC8A rs7516786 A C 0.40 -0.02 0.002 6.16x10-10 -0.41 0.06 1.7x10-11 0.04 0.008 5.28x10-06 0.01 

ENSG00000260423.1 RP13-735L24.1 rs2113899 C T 0.48 -0.02 0.002 2.15x10-20 -0.52 0.09 7.0x10-09 0.04 0.009 9.12x10-07 0.01 

ENSG00000197599.8 CCDC154 rs4984834 G A 0.86 -0.02 0.004 1.44x10-08 -1.17 0.12 4.7x10-21 0.02 0.004 1.19x10-06 0.01 

ENSG00000135930.9 EIF4E2 rs7571154 T C 0.29 0.02 0.003 1.64x10-16 -0.49 0.09 4.3x10-08 -0.04 0.010 5.05x10-06 0.01 

ENSG00000176681.10 LRRC37A rs17763086 G T 0.23 0.02 0.003 1.08x10-14 1.02 0.13 1.2x10-14 0.02 0.004 4.72x10-08 0.01 

ENSG00000183066.10 WBP2NL rs1062753 A G 0.29 -0.02 0.003 8.57x10-11 -0.67 0.08 2.3x10-16 0.03 0.005 3.57x10-07 0.01 

ENSG00000156026.10 MCU rs7075993 G C 0.36 -0.02 0.002 8.09x10-13 0.25 0.04 2.1x10-08 -0.07 0.016 1.03x10-05 0.01 

ENSG00000214087.4 ARL16 rs11150805 T C 0.17 0.03 0.003 3.02x10-19 -1.18 0.11 1.2x10-27 -0.02 0.004 4.37x10-12 0.01 

ENSG00000216901.1 AL022393.7 rs2531806 A C 0.49 -0.02 0.002 9.26x10-21 1.03 0.08 1.6x10-35 -0.02 0.003 7.93x10-14 0.004 

ENSG00000271904.1 CTC-498M16.4 rs6884773 G A 0.24 -0.03 0.003 6.47x10-23 0.86 0.08 2.7x10-28 -0.03 0.004 1.99x10-13 0.004 
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Probe ID Gene topSNP A1 A2 Freq b_GWAS se_GWAS p_GWAS b_eQTL se_eQTL p_eQTL b_SMR se_SMR p_SMR p_HEIDI 

ENSG00000179296.9 CTGLF12P rs769009 T G 0.65 -0.02 0.002 2.86x10-10 0.58 0.10 6.8x10-09 -0.03 0.006 1.98x10-05 0.004 

ENSG00000170324.15 FRMPD2 rs769009 T G 0.65 -0.02 0.002 2.86x10-10 -0.38 0.06 3.2x10-09 0.04 0.009 1.59x10-05 0.003 

ENSG00000126267.4 COX6B1 rs231592 G A 0.46 -0.01 0.003 3.17x10-09 -0.56 0.07 7.2x10-14 0.03 0.006 3.41x10-06 0.002 

ENSG00000204622.6 HLA-J rs2524005 A G 0.22 -0.02 0.003 5.16x10-09 -0.77 0.11 1.9x10-11 0.02 0.005 1.05x10-05 0.002 

ENSG00000186470.9 BTN3A2 rs9358932 T C 0.14 -0.03 0.004 5.87x10-20 -1.47 0.17 1.0x10-18 0.02 0.003 2.10x10-10 0.001 

ENSG00000100395.10 L3MBTL2 rs2038209 C T 0.63 0.02 0.002 7.37x10-17 0.42 0.07 5.3x10-10 0.05 0.010 6.34x10-07 0.001 

ENSG00000126001.11 CEP250 rs10359 G A 0.23 -0.02 0.003 1.13x10-14 -1.02 0.08 4.4x10-34 0.02 0.003 6.98x10-11 0.001 

ENSG00000172346.10 CSDC2 rs1006407 C T 0.19 0.02 0.003 1.46x10-08 0.57 0.08 4.5x10-13 0.03 0.007 8.11x10-06 0.001 

ENSG00000224497.1 RPL36P4 rs2277862 T C 0.15 -0.02 0.003 8.15x10-09 1.09 0.12 1.4x10-18 -0.02 0.004 1.42x10-06 0.001 

ENSG00000216915.2 RP1-97D16.1 rs2179096 T C 0.34 -0.02 0.003 4.99x10-12 -0.45 0.08 4.1x10-09 0.04 0.009 7.57x10-06 0.0004 

ENSG00000257303.1 
RP11-
977G19.11 rs2066818 A C 0.07 0.03 0.005 8.89x10-10 -1.30 0.16 1.2x10-16 -0.02 0.005 8.36x10-07 0.0002 

ENSG00000109919.5 MTCH2 rs10838699 C T 0.68 -0.02 0.003 1.39x10-13 -0.44 0.06 6.1x10-12 0.04 0.008 4.72x10-07 0.0001 

ENSG00000181315.6 ZNF322 rs3800303 G A 0.42 0.02 0.002 2.24x10-10 -0.52 0.08 5.1x10-11 -0.03 0.006 5.05x10-06 1.7x10-05 

ENSG00000057019.11 DCBLD2 rs828617 T G 0.39 -0.01 0.002 1.92x10-08 -0.44 0.07 3.6x10-10 0.03 0.007 2.86x10-05 1.3x10-05 

ENSG00000148604.9 RGR rs10736319 C T 0.48 -0.04 0.002 4.31x10-59 0.76 0.08 1.6x10-22 -0.05 0.006 6.07x10-17 1.5x10-06 

ENSG00000163870.10 TPRA1 rs4974443 A G 0.11 -0.03 0.004 6.86x10-13 -0.64 0.10 1.5x10-10 0.04 0.009 1.75x10-06 5.1x10-08 

ENSG00000176387.6 HSD11B2 rs12449157 G A 0.16 -0.02 0.003 1.90x10-12 -0.44 0.05 1.5x10-20 0.05 0.010 1.98x10-08 4.4x10-08 

ENSG00000137338.4 PGBD1 rs2531804 G A 0.44 -0.02 0.002 3.32x10-17 0.78 0.01 0.0E+00 -0.03 0.003 4.44x10-17 3.8x10-08 

Table 22 SMR results using summary eQTL data from the peripheral blood (Westra et al.). The field "Probe ID" lists the ID for the eQTL probe. The column "Gene" is the gene that the probe eQTL effects act on, 

"topSNP" contains the SNP associated with the largest effects on the trait (AFSW); "A1", "A2" and "Freq" are the position (Build 37), effect allele, another allele, and effect allele frequency for the "topSNP " 

respectively. The fields "b_GWAS", "se_GWAS " and "p_GWAS " display the effect size, standard error, and p-value for the "topSNP". Columns "b_eQTL", "se_eQTL" and " p_eQTL" include the effect size, standard 

error, and p-value for the "Probe ID", "b_SMR", "se_SMR", and "p_SMR" are the effect size, standard error, and p-value results from the SMR analysis. The fields " p_HEIDI " include the p-value from the HEIDI 

(Heterogeneity In Dependent Instruments) test. 
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