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SUMMARY 

The primary aim of this series of investigations was to identify causal risk factors for 

paediatric eye disorders (e.g. myopia, hyperopia, strabismus and amblyopia). A 

series of hypotheses was tested in this project by exploiting state-of-the-art genetic 

and epidemiological approaches such as genome-wide association studies (GWAS) 

and Mendelian randomisation (MR). 

A GWAS for strabismus was performed in order to identify genetic variant(s) 

conferring susceptibility to the condition. The genetic variant most strongly 

associated with the phenotype was rs75078292. This SNP, is situated in an LD 

block on chromosome 17, containing the genes TSPAN10, NPLOC4 and PDE6G. A 

non-synonymous variant in TSPAN10 – in very high LD with rs75078292 – was 

previously reported to be associated with myopia. These findings were replicated in 

a cohort of children (ALSPAC). 

A Mendelian randomisation approach (both one- and two-sample MR) was used in 

order to estimate the effect of birth weight within the normal range (2.5 to 4.5kg) on 

refractive error. The analyses supported the hypothesis that birth weight within 

normal range plays a causal role in refractive error development. 

The influence of education on refractive error development was estimated using a 

Regression Discontinuity design. In this work in UK Biobank, the Raising Of School 

Leaving Age (ROSLA) 1972 reform was used as a natural experiment; with use of 

the genetic data such as Principal Components and Polygenic Risk Scores for 

educational attainment and for refractive error as covariates. The estimated 

influence of an additional year of education on refractive error development was 

statistically significant, supporting existing evidence. 

The hypothesis that hyperopia is causal risk factor for lower educational attainment 

was tested using non-linear Mendelian randomisation analysis. The results of the 

analyses revealed that the relationship between refractive error and educational 

attainment in UK Biobank is non-linear, but did not support the main hypothesis. 
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1 Chapter 1. General Introduction  

1.1 Genetics 

1.1.1 The Genome, Genes and Polymorphisms 

The genome refers to the complete set of genetic information stored in an 

organism’s chromosomes. All the essential information necessary for a normally-

functioning human organism is coded in the DNA of the human genome, composed 

of the four nucleotides (DNA bases) adenine (A), cytosine (C), guanine (G), thymine 

(T). The human genome consists of approximately 3.2 billion nucleotides of DNA, 

divided into 22 somatic and 2 sex chromosomes.  

The term gene refers to a small fraction of DNA, typically containing the information 

required for the synthesis of a specific protein. However, less than 2% of the human 

genome is believed to provide instructions for building proteins (1). Human genes 

vary in size from hundreds to hundreds of thousands of DNA bases. Genes are the 

functional unit of heredity. 

The genomes of individual humans are 99.9% identical. The remaining 0.1%, or the 

genetic variation, partially determines the difference in phenotype between people. 

Single nucleotide polymorphisms (SNP) are the most common form of human 

genetic variation (2). A SNP is a change of a single nucleotide at a specific position 

in the human genome (e.g. when the majority of the population has a thymine 

nucleotide at a specific position, but in some individuals an adenine nucleotide is 

found at the same position). Different nucleotides found in that case are called 

alleles. SNP found in a coding region can be categorised into 2 types: synonymous, 

which do not lead to a change in the protein sequence and non-synonymous, 

affecting the protein sequence. In the case of a nucleotide substitute that results in a 

codon that codes for a different amino acid, this type of SNP is called a missense 

variant or a nonsense variant when the change results in a stop codon. 

Insertion or deletion variants, known as indels, are another type of genetic variation. 

They occurs when a section of DNA (from a few bases to hundreds of nucleotides) 

is present in some individuals but not in others (3). Copy number variations (CNV) 

are a class of insertion, deletion or a duplication of a DNA segment with a size more 

than 1000 bases (1kb) (4). 
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1.1.2 Complex Traits 

The term trait in genetics refers to a phenotype that varies between individuals but 

shows a certain level of stability across time (5). Mendelian (or monogenic) traits are 

inherited in concordance with Mendelian principles, i.e. a dominant or recessive 

mode of inheritance. Complex (or quantitative) traits result from the actions of (or 

interaction between) multiple genetic variants and environmental factors (6, 7).  

Height, refractive error, diabetes, cancer and most common diseases are examples 

of complex traits. 

 

1.1.3 Heritability 

The total amount of variation in a phenotype (variance of a trait) can be partitioned 

into the following two components: genetic variance and environmental variance (8, 

9) (Equation 1.1) 

𝑉𝑃 =  𝑉𝐺 +  𝑉𝐸 

Equation 1.1 Phenotypic variance. VP = phenotypic variance, VG = genetic variance, VE = 

environmental variance 

Genetic variance typically refers to the sum of additive, dominance and epistatic 

genetic effects (10) (Equation 1.2) 

𝑉𝐺 =  𝑉𝐴 +  𝑉𝐷 +  𝑉𝐼 

Equation 1.2 Genetic variance, VG = total genetic variance, VA = additive genetic effect, VD= 

dominance genetic effect, VI = epistatic genetic effect 

When the phenotypic variance depends on genetic loci (or the number of copies of 

an allele) linearly, it refers to an additive genetic effect. Dominance genetic effects 

describe the effect of interaction of alleles at a certain locus; this contrasts with 

epistatic effects, which refer to the effect of the interaction of alleles at different loci. 

Heritability in genetic studies refers to the proportion of the variance of the trait that 

is attributable to the genetic variance (9). Broad-sense heritability refers to the 

phenotypic variance explained by total genetic variance (Equation 1.3). 
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𝐻2 =  
𝑉𝐺

𝑉𝑃
 

Equation 1.3 Broad-sense heritability; VP  = phenotypic variance, VG  =  total genetic 

variance 

Narrow-sense heritability, denoted as ℎ2, is the proportion of the phenotypic 

variance occurring due to the additive genetic variance (Equation 1.4). 

ℎ2 =  
𝑉𝐴

𝑉𝑃
 

Equation 1.4 Narrow-sense heritability. VP = phenotypic variance, VA = additive genetic 

variance 

In general, it has been shown that more than 50% of the total genetic variance is 

explained by the additive component (11). 

Previously, heritability was estimated in sets of related individuals in family studies, 

by studying the phenotypic correlation between parents and offspring, or in twin 

studies. Nowadays, the use of data from molecular-level association studies has 

been proposed, which allows estimation of the narrow-sense heritability in groups of 

unrelated individuals (12, 13). 

 

1.2 Refractive error and Myopia 

In the non-accommodated emmetropic eye parallel lights focus on the retina (Figure 

1.1). 



5 
 

 

Figure 1.1 Refraction in the emmetropic eye. 

Myopia is a refractive error in which parallel rays of a light from a distant object 

focus in front of the retina, resulting in a blurred image. Close objects are seen 

clearly, hence myopia is also called ‘near-sightedness’. The condition arises when 

either the axial length of the eye is too long relative to the corresponding optical 

power of the eye, or the corneal or lens optical power is too strong relative to the 

axial eye length.  

 

Figure 1.2 Refraction in the myopic eye. Light focuses in front of the retina. 
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1.2.1 Classification of Myopia 

Various criteria have been used to classify myopia based on degree of severity, 

aetiology, age of onset, progression rate, and its clinical complications.  A 

classification system proposed by Grosvenor (14) is based on the age of onset. It 

includes the following categories: congenital, youth-onset, early adult-onset and 

late-onset. A system using degree of myopia for classification was proposed by 

Fredrick (15); the three categories are: mild myopia (0.00 to -1.50 Dioptres (D)), 

moderate myopia ( -1.50 to -6.00 D) and high myopia (-6.00 D or worse). Pathologic 

myopia was defined in the latter classification as occurring when refractive error is 

more than -8.00 D, noting that eye-and-vision threatening complications can 

develop in individuals with high or even with moderate myopia. More recently (16), 

other thresholds were proposed to define low (≤ -0.50 D) and high myopia (≤ -6.00 

D); also introducing a pre-myopia condition with refractive state from +0.75 D 

to -0.50 D.  By clinical entity (17) myopia is classified as simple myopia, night 

myopia, pseudomyopia, pathologic, and induced myopia. Simple myopia refers to 

the condition in which either the axial length of the eye is too long for its optical 

power, or the optical power is too strong for its axial length; otherwise this eye is 

normal. Typically, simple myopia is mild or moderate. Night myopia appears due to 

the accommodative response increase often observed in dim light conditions. 

Pseudomyopia is the consequence of ciliary muscle spasm when the eye is viewing 

a distant object. Pathologic myopia is defined as myopia of a high degree (at least 

6.00 D) with degenerative changes in the posterior segment of the eye. These 

changes include, but are not limited to: diffuse chorioretinal atrophy, choroidal 

neovascularisation and lacquer cracks. Induced myopia occurs as a result of the 

influence of various drugs (drug-induced transient myopia); other possible causes of 

induced myopia are nuclear sclerosis (18) and acute hyperinsulinaemia (19) 

 

1.2.2 Emmetropisation 

Axial length in newborn infants is relatively short for the corresponding optical power 

of the cornea and lens; this means that in most cases, humans - like most animals - 

are born with a hyperopic refraction. During the early years of life the eye elongates, 

the cornea flattens, the crystalline lens thins (20, 21) and, finally, the eye becomes 

approximately emmetropic when the axial length matches the optical power of the 

eye (in reality, the majority of individuals have a small degree of hyperopia rather 
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than exact emmetropia). The eyeball grows most rapidly in first 1-2 years of human 

life (22), however there is evidence of adjustment of the axial length to the optical 

power over a period of up to 15 years (22). 

Most dramatically, the axial length, cornea and lens change in the first phase, 

between 3 and 9 months of age (23). This confirms previous results from animal 

studies. The elongation of the eye is strongly correlated with the refraction at birth, 

consistent with a substantial visual dependency in the process of emmetropization 

(23, 24). Ametropia is a result of failure to reach emmetropia; when elongation of 

axial length is excessive it leads to the development of myopia. A shift in myopia 

of -2.00 to -3.00 D occurs as a result of the elongation of the eyeball by 1 mm (25). 

There is no single, universally accepted theory regarding the mechanism of 

emmetropization. However, it has been shown (22, 26) that the ocular growth is 

regulated by visual experience. 

 

1.2.3 Prevalence of Myopia 

Myopia is one of the most concerning global health issues, and is one of the leading 

causes of blindness in certain population groups (27). Currently, up to 22% of the 

global population are myopic (28). The condition has an increasingly negative 

economic impact due to its pathological complications. Furthermore, the economic 

burden due simply to uncorrected myopia was estimated as 200 Billion US Dollars 

per year (29). 

However, it remains difficult to confirm the real prevalence of myopia because 

different thresholds in refractive error are used to define myopia (30). The most 

common definition of myopia is a spherical equivalent of -0.50 D or less (16, 31). 

Numerous studies have reported a significant increase in the prevalence of myopia 

globally, with some regions (particularly East and South East Asian countries) 

having considerably higher levels of myopia and high myopia than in the West (32-

34). 

A US study reported the prevalence of myopia in individuals aged 12 to 54 years as 

41.6% (34). An increase in the prevalence of myopia has been shown for all 

ethnicities and for all levels of myopia severity. Up to 20% of 12-13 years old white 

European adolescents have been reported as having myopia (35, 36). In adult 

population, the European Eye Epidemiology (E³) consortium found an overall 
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prevalence of myopia as 24.3% (37). More rapid growth in the prevalence and 

incidence of myopia have been reported in studies from East Asian countries, with 

myopia affecting up to 80% of children (38, 39). Thus, the prevalence of myopia has 

increased dramatically since the 1970’s, particularly in more recent birth cohorts. 

The geographical difference in the distribution of myopia, with a significantly higher 

risk of being myopic among urban population, suggests that environmental factors 

play a key role in the process of excessive axial elongation and myopia. 

 

1.2.4 Risk Factors for Myopia 

 

1.2.4.1 Environmental Factors Associated with Myopia 

 

1.2.4.1.1 Education 

The first articles reporting an association between myopia and higher levels of 

educational attainment were published in the 1800’s and early 1900’s (40-42). Since 

that time, numerous studies have been conducted in order to assess the effect of 

education on myopia development. Two approaches have been used to investigate 

and estimate the association between education and myopia. Firstly, time spent in 

full-time education or years of schooling have been used to assess the effect of 

education on myopia in adults. Robust association between educational exposure 

and myopia has been shown in epidemiological studies, with a higher proportion of 

myopic individuals in those with a university degree in comparison with to those only 

completing secondary or primary school education (43, 44). Secondly, the possibility 

of causality in the relationship between years of schooling and myopia has been 

addressed in two Mendelian randomisation (MR) studies (see section 2.4.4), using 

genetic variants strongly associated with refractive error (45, 46). However, the 

Mendelian randomisation studies were limited to adults; in epidemiological studies 

in school children, school performance or additional education load was considered 

to be factor determining the higher myopia prevalence (38, 47, 48). A trend of highly 

educated people to have more myopic refraction has been shown in populations of 

different ethnic background; note that the MR studies were limited to individuals of 

white European ancestry (49).  
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Factors potentially mediating a causal effect of education on myopia are near work 

and insufficient time outdoors (38, 48, 50, 51); however, the exact mechanism(s) 

remain unclear.  

 

1.2.4.1.2 Near Work 

The German astronomer and mathematician Johannes Kepler was one of the first 

scientists to describe the link between excessive writing and reading with myopia 

(52). Since that time, this topic has become one of the most controversial in eye-

and-vision science (31). The term near work in studies investigating myopia is 

typically used to describe activities performed at a short distance (e.g. reading, 

writing, watching TV, and playing video games) (38, 50). Near work was reported to 

be associated with the increased levels of myopia prevalence in cohort studies in 

schoolchildren (47, 53) with axial elongation as a driver of myopic shift in refraction 

(54). Higher rates of myopia progression in children reading at a shorter distance 

were reported in a study conducted in Taiwan (55); however, this association was 

confounded by a higher myopia level at baseline. In contrast, a weak or even no 

association of near work and myopia has been reported in some studies  (50, 56).  

A recent meta-analysis confirmed the role of near work as a risk factor of myopia; 

although with a modest effect size (57). 

 

1.2.4.1.3 Time outdoors 

Time spent outdoors or outdoor activity has recently been considered as an 

important factor for myopia development (58). In a randomized controlled trial (RCT) 

in China, the effect of 1 additional 40-minute class of outdoor activities on myopia 

development was tested in 1903 schoolchildren (mean age 6.6 years) (59). A 

significant difference in cumulative myopia incidence rate between the intervention 

and control group was reported (30.4% vs. 39.5%, respectively, p < 0.001) after a 3-

year follow-up period. The difference in spherical equivalent refractive error was 

marginally significant (a difference of 0.17 D; -1.42 D vs. -1.59 D, p = 0.04). A 

clinical controlled trial in 3051 Chinese schoolchildren has reported a similar effect 

size resulting from two 20-minute outdoor recess periods between school classes (a 

difference of 0.17 D; -0.10 D vs. -0.27 D in the intervention and control group, 

respectively); however, the follow-up period was only 1 year (60). Regardless of 

physical activity, more time spent outdoors showed a negative correlation with the 
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incidence of myopia (61). There are several possible mechanisms explaining the 

protective effect of outdoor activities on myopia development. Vitamin D is one of 

the factors that may link time outdoors with myopia. Existing evidence of an 

association of serum 25(OH)D and myopia is inconsistent; moreover, a recent MR 

study did not support the hypothesis of vitamin D being a causal risk factor for 

myopia (62). Another possible pathway linking time outdoors with negative refractive 

error is light exposure; with luminance levels typically lower indoors compared to 

outdoors (63). Both animal and human studies have revealed a relationship 

between lower levels of light exposure and an increased risk of myopia 

development (63-66). Differences in the chromatic spectrum of light have also been 

reported as a potential risk factor for myopia, including studies in animal models 

(66-69). Indoor lighting possesses a narrower spectrum than outdoor sunlight, 

therefore this may also contribute to the protective effects of time outdoors. 

However, the evidence to date is inconclusive.  

 

1.2.4.1.4 Diet 

Diet has also been proposed to be a risk factor for the development of myopia. In 

some populations, a change in lifestyle from traditional to ‘Western’ and change to a 

‘Westernised’ diet, rich in carbohydrates, was associated with an increase in myopia 

prevalence (70). It was suggested by Cordain et al. (70) that a high glycaemic load 

diet caused a relatively higher level of hyperinsulinaemia, hyperglycaemia and type 

2 diabetes. Hyperinsulinaemia starts a cascade of reactions leading to the activation 

of various growth factors in the human body, including insulin like growth factor-1 

that may enhance the scleral tissue growth. Scleral growth, in its turn, causes a 

myopic shift. A study conducted in Denmark in young adults aged 16-26 with 

diabetes has reported an association between hyperinsulinaemia and myopia (71). 

However, even though this Danish study indicated a relationship between 

metabolism and myopia development, the exact mechanism still remains unclear. 

Another assumption is that changes in the crystalline lens in diabetic individuals are 

the primary cause of negative shift in refraction (72, 73), i.e. fluctuations in blood 

glucose levels lead to swelling of the lens and changes in refraction (73, 74). 

However, it would be simplistic to limit the consideration of dietary risk factors for 

myopia only to carbohydrates. A study of Chinese children aged 7-10 years 

compared the diets of children who developed myopia and those who did not (75). 

The results indicated that children who became myopic had lower average intake of 
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fat, protein, vitamins B1, B2, C, and such microelements as phosphorus and iron. In 

summary, there have been few studies of diet and myopia, such that a definitive role 

for any specific nutrient has yet to be established. 

 

1.2.4.2 Genetics of Myopia 

Although lifestyle risk factors play an important role in myopia development, a 

genetic predisposition to the disease has also been established. Genetic 

predisposition to myopia has been shown in twin and family studies of different 

ethnicities, with the reported heritability estimates being as high as 98% (76-79). In 

a recent meta-analysis of genome-wide association (GWA) studies (see section 

2.4.6) for refractive error in 542,934 individuals, independent genetic variants 

significantly associated with the phenotype explained 18.4% of spherical equivalent 

heritability (80). The variance in refractive error explained by commonly-occurring 

SNP, i.e. those with a minor allele frequency (MAF) of at least 5%, has been 

assessed in the ALSPAC paediatric cohort in children aged from 7 to 15 years old; 

with the estimated “SNP heritability” of 28% (81). Taking account of measurement 

error due to non-cycloplegic autorefraction, the authors estimated the SNP 

heritability in ALSPAC children to be as high as 35%. In an adult UK Biobank 

cohort, the estimated SNP heritability was 38.7% (82). 

 

1.2.4.2.1 Genetic Linkage Studies 

Genetic linkage studies in families with myopia and high myopia have been 

performed to identify the genetic loci for the disease, mostly under the assumption 

that inheritance was monogenic. 

The first genetic locus for myopia was identified in 1990 (83) in a linkage analysis of 

a family with a clinical syndrome which included myopia, amblyopia and 

deuteranopia (Bornholm Eye Syndrome) (83). The genetic locus for this X-linked 

disease was named MYP1. Guo et al. (84) and other research groups have 

identified pedigrees affected by this syndrome and found linkage to the MYP1 locus. 

Ratnamala et al.(85) described X-linked recessive inheritance linked to the MYP1 

locus in an Asian Indian pedigree with non-syndromic high myopia (mean refractive 

error -8.43 D). Recently, an OPA1LW (long wavelength opsin gene) mutation was 

reported to be responsible for syndromic and non-syndromic X-linked high myopia 
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mapped to MYP1 (86). In 1998, Young et al. (87) identified the MYP2 locus in a 

linkage study of an 8-generation pedigree with an autosomal dominant pattern of 

high myopia. MYP3 was identified in a linkage analysis of a large family of 

Greek/Italian ancestry with autosomal dominant myopia phenotype (88). Decorin 

(DCN) and Lumican (LUM) have been suggested as a candidate genes at the 

MYP3 locus; both genes code for proteoglycans possibly related to the extracellular 

matrix organisation of the sclera. However, the association of LUM gene variants 

with myopia has not been confirmed by association studies in South Asian and 

Chinese populations (89, 90). The studies listed above identified genetic loci for rare 

forms of high myopia inherited following a classical (Mendelian) dominant or 

recessive pattern. In contrast, low myopia is considered a complex trait caused by a 

combination of genetic and environmental factors. 

A genome-wide scan was performed in the USA in Ashkenazi Jewish families with 

low myopia, identifying the MYP6 locus (91). Linkage to the locus was successfully 

replicated in the another USA-based cohort (92). A twin study in 506 dizygotic and 

monozygotic twin pairs has been conducted to assess the heritability of refractive 

error as a continuous trait; this analysis was followed by a genome-wide linkage 

scan in 221 dizygotic twin pairs in order to identify susceptibility loci for the 

phenotype (93). This study reported 4 novel loci, MYP7-MYP10, for myopia. A 

regression-based quantitative trait loci (QTL) linkage study in a USA-based cohort 

of individuals of Ashkenazi Jewish ancestry identified a further novel locus (MYP14) 

for refractive error on chromosome 1p36 (94). MYP14 locus was replicated in an 

international study in 2009 (95). The MYP4 locus on chromosome 7q36 was 

identified by Naiglin et al. (96) in a linkage analysis of 23 families with high myopia; 

however, no linkage to this loci was found by Paget et al. (97). In the latter study, 

the myopia locus was mapped to 7p15, also identified in other studies (92, 98); that 

led to the replacement of MYP4 with MYP17.  

Most of the myopia loci showed autosomal dominant inheritance. Exceptions are 

MYP18, MYP23 and MYP26, which are associated with autosomal recessive high 

myopia. Xiao et al. (99) identified mutations in the ARR3 gene at the MYP26 locus 

linked to female-limited high myopia with early onset. The LRPAP1 gene on 

chromosome 4p16 was found to be the causative gene at the MYP23 locus (118). 

Yang et al. (112)  identified an autosomal recessive high myopia locus on 

chromosome 14q22.1-q24.2 (MYP18); however, the gene responsible has not yet 

been reported.  
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To date, 26 myopia loci have been identified in linkage analyses studies (Table 1.1). 

Very recently, Ouyang et al. (100) have reported mutations in the CPSF1 gene 

linked to the early-onset high myopia (MYP27). 
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MYP gene/locus Location Inheritance Reference 
Clinical 
features 

MYP1 Xq28 X-linked Ratnamala et al. 2011 (85) High myopia 

MYP2 18p11.31 Autosomal Dominant Young et al. 2001 (101) High myopia 

MYP3 12q21-q23 Autosomal Dominant Lin et al. 2010 (102), Young et al 1998 (88) High myopia 

MYP5 17q21-q22 Autosomal Dominant Paluru et al. 2003 (103) High myopia 

MYP6 22ql2 Autosomal Dominant Klein 2007 (92), Stambolian 2004 (91) Low myopia 

MYP7 11p13 Quantitative Trait Loci Hammond 2004 (93) Low myopia 

MYP8 3q26 Quantitative Trait Loci Hammond 2004 (93) Low myopia 

MYP9 4q12 Quantitative Trait Loci Hammond 2004 (93) Low myopia 

MYP10 8p23 Quantitative Trait Loci Hammond 2004 (93) Low myopia 

MYP11 4q22-q27 Autosomal Dominant Zhang 2005 (104) High myopia 

MYP12 2q37.1 Autosomal Dominant Paluru 2005 (105) High myopia 

MYP13 Xq23-q27.2 X-linked Recessive Zhang 2006 (106), Zhang 2007 (107) High myopia 

MYP14 1p36 Quantitative Trait Loci Wojciechowski 2006 (94) Low myopia 

MYP15 10q21.1 Autosomal Dominant Nallasamy 2007 (108) High myopia 

MYP16 5p15.33-p15.2 Autosomal Dominant Lam 2008 (109) High myopia 

MYP17 (former MYP4) 7p15 Autosomal Dominant/QTL Naiglin 2002 (96), Paget 2008(97) ,                     High myopia 
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Table 1.1 Myopia genetic loci listed on the Online Mendelian Inheritance in Man website 

(URL:https://omim.org/phenotypicSeries/PS160700?sort=geneSymbols&order=desc) 

 

 Ciner 2008  (98)          

MYP18 14q22.1-q24.2 Autosomal Recessive Yang 2009 (110) High myopia 

MYP19 5p15.1-p13.3 Autosomal Dominant Ma 2010 (111) High myopia 

MYP20 13q12.12 Autosomal Dominant Shi 2011 (112) High myopia 

MYP21 1p22.2 Autosomal Dominant Shi 2011  (113), Tran-Viet 2012 (114) 
Early-onset 
high myopia 

MYP22 4q35.1 Autosomal Dominant Zhao 2013 (115) High myopia 

MYP23 4p16.3 Autosomal Recessive Aldahmesh 2013 (116), Jiang 2015 (117) High myopia 

MYP24 12q13.3 Autosomal Dominant Guo 2014 (118) 
Early-onset 
high myopia 

MYP25 5q31.1 Autosomal Dominant Guo 2015 (119) 
Early-onset 
high myopia 

MYP26 Xq13.1 X-linked, Female limited Xiao 2016 (99) 

Early-onset 
high myopia in 
females 

MYP27 8q24.3 Autosomal Dominant Ouyang 2019 (100) 
Early-onset 
myopia 

https://omim.org/phenotypicSeries/PS160700?sort=geneSymbols&order=desc
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1.2.4.2.2 Association Analyses 

Numerous genome-wide association studies for myopia have been conducted to 

identify common genetic variants robustly associated with the phenotype. There are 

two main designs of GWAS for myopia: a case-control study with a binary trait 

(myopia vs. non-myopia), or analysing refractive error as a continuous trait. 

A two-stage design GWAS for pathological myopia was conducted in 2009 in a 

cohort of 830 cases and 1911 controls (120). In the first stage, a total of 411,777 

variants were tested for association with the trait; with further genotyping performed 

in 537 cases and 980 controls. A locus at 11q24.1 was reported, with two genes, 

BLID and LOC399959 located in a 200-Kb region tagged by the rs577948 genetic 

variant showing the strongest association.  

In a study of 520 Japanese individuals with high myopia and 520 controls, 39 SNP 

located on 21q.22.3 (previously reported to be associated with myopia) were tested 

using the χ2 test and Fisher’s exact test (121). After multiple testing correction only 

one SNP (rs2839471) located within the UMOLD1 gene showed significance in the 

association. 

A meta-analysis of 2 GWAS for myopia in cohorts of Chinese ancestry revealed 2 

SNP within the CTNND2 region associated with the trait; one of the SNP, 

rs6885224 was replicated in an independent cohort (122).  

Two separate GWA studies conducted in Europe (123, 124) used refractive error as 

a continuous trait and found two loci significantly associated with the trait (near the 

RASGFR1 gene and near the GJD2 gene, both in the MYP11 linkage locus). These 

genetic associations were subsequently replicated (123, 124). In 2010, the 

Consortium for Refractive Error and Myopia (CREAM) was established and in 2013, 

the results from genome-wide meta-analysis on refractive error were published 

(125). Twenty-seven cohorts of European ancestry (n = 37,782) and 5 cohorts of 

Asian ancestry (n = 12,32) were included in the study, and a total of 24 novel loci 

were identified. A total of 14 of the loci identified in the CREAM study were 

confirmed in an independent GWAS study by 23andME (see below). In turn, 16 loci 

identified in the 23andME study were validated in the CREAM GWAS, despite 

different phenotypes being used in these studies (126). The GWAS performed by 

23andMe Inc., a consumer genomic company, was conducted in 45,771 European 

individuals (127). A survival analysis on age of the onset of myopia was performed 
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and a total of 22 genetic variants associated with the phenotype attained genome-

wide significance (P < 5E-08), with 20 novel loci among them. In an independent 

cohort of 8,323 individuals classified as having an age of myopia onset earlier or 

later than 10 years, 10 out of 22 SNP were replicated.  

In 2016, a large GWAS for self-reported myopia in 106,086 cases and 85,757 

controls was performed and 183 genetic loci associated with myopia were reported 

(128). The large sample size of the study allowed researchers to identify more than 

100 novel loci for myopia. 

The most recently published GWAS results are those from a meta-analysis of 

542,934 individuals of European ancestry carried out by Hysi et al., which reported 

a total of 904 independent genetic variants surpassing the genome-wide 

significance threshold (80). 

Several other GWA studies have been performed for phenotypes related to myopia, 

including GWAS for corneal and refractive astigmatism (82), axial length (129, 130) 

and macular thickness (131, 132). 

 

 

1.2.4.3 Mechanisms of myopia 

Animal research, along with numerous clinical and epidemiological studies, have 

helped to generate a better understanding of the possible mechanisms underlying 

myopia development; e.g. the effect of retinal image focus and/or quality on ocular 

growth (133-136). 

The role of signalling pathways and particularly, dopamine signalling in myopia 

development has been investigated in numerous studies (137-139). As well as a 

diurnal variation, dopamine release in the retina is stimulated by light exposure, 

especially flicker (140). Decreased levels of dopamine and its metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC) occur in myopic eyes of chickens and 

monkeys with form-deprivation myopia (137). The protective effect of bright light has 

been suggested to involve D2 -dopamine receptors (141, 142). It was also shown 

that not only brightness of the retinal image but spatial and temporal contrast control 

the release of dopamine (143).  



18 
 

The insufficient accommodative response during near work induces the hyperopic 

defocus (50, 144) and animal models show that such a defocus leads to the 

decrease in retinal or vitreal dopamine levels (145) and to eye growth (133). 

The ability of the eye to compensate for the defocus introduced by fitting a lens in 

front of the eye (so called ‘lens-induced defocus’) has been shown in a number of 

animal studies (133, 134, 146). Convex lenses induce myopic defocus, leading to 

the slowing of ocular growth. Concave lenses induce hyperopic defocus, which 

results in a thinner choroid and an increase in eye growth. Studies in humans 

confirmed the ability of the human eye to detect defocus and to act accordingly to its 

sign as in animal models (136, 147). Lag of accommodation during near work has 

been proposed as another aetiological factor of excessive myopic ocular growth 

(144) and a main factor for school myopia development. However, animal studies 

have not provided compelling support for the involvement of the accommodation 

system in myopia development; e.g. it has been shown that ciliary nerve section, 

which blocks accommodation, does not dramatically affect the ability of chicken 

eyes to emmetropize (148). 

Increasing knowledge of the pathogenesis of myopia opens new horizons in 

diagnosis and treatment of the condition. 

 

1.2.5 Management of Myopia 

Optical correction of refractive error is the most common method of myopia 

management. Until very recently, spectacles or contact lenses have been 

prescribed purely to provide clear distance vision, i.e. to alleviate the symptoms of 

the condition. However, in the past few years various types of spectacles have been 

proposed not only for the correction of visual blur but also to slow the future 

progression of myopia. Single vision spectacles are still the most widely used 

means of correction due to convenience, economic reasons, and lack of evidence 

regarding the long term efficacy of optical treatments for slowing myopia. 

Undercorrection has been reported to slow the progression of myopia in several 

studies (149). However, these findings conflict with the results of an RCT showing 

more rapid myopia progression in children who were undercorrected in comparison 

to those who were fully corrected (150). Bifocal spectacle lenses with or without 

base-in prism and progressive addition spectacles are among other types of 

spectacle correction proposed for slowing myopia progression (151, 152). In 
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general, the clinical efficacy of these latter treatments in RCT has been insufficient 

to support widespread adoption (153). 

Soft contact lenses with a multifocal design have been reported as a means of 

slowing myopia progression (154, 155). The best-performing lenses slow myopia 

progression by approximately 50% (153). Orthokeratology (OK) refers to the use of 

a gas-permeable rigid contact lenses that are worn overnight to reshape the cornea. 

Clear vision is obtained without the OK lenses in place during the daytime. OK 

lenses have been shown to significantly slow axial elongation in myopic children 

(weighted mean difference, -0.26 mm; 95% CI -0.31 to -0.21; p < 0.001) (156).  

Hence, OK has been recommended to be used in myopia control (156, 157). 

Topical application of the muscarinic antagonist atropine has been used as a 

pharmacological approach to the management of myopia since the 1970’s (158). 

Clinical trials have consistently demonstrated a high level of efficacy (159, 160). The 

adenosine receptor antagonist 7-methylxanthine (7-MX) has been tested in animal 

(161) and human studies (162) and has also shown some promise in myopia 

control. 

Other methods, including surgical interventions have also been proposed for 

slowing down the progression of myopia. Of the currently available interventions, 

atropine eye drops, OK lenses, and multifocal soft contact lenses are the most 

widely used.  

 

1.3 Strabismus 

Strabismus is an oculomotor disorder characterized by constant or intermittent 

misalignment of the eyes that reduces the ability to achieve optimal binocular vision. 

It is often associated with amblyopia in the deviated eye and can therefore be 

associated with childhood-onset visual impairment (163). 

 

1.3.1 Classification of Strabismus 

Comitant or concomitant strabismus refers to the condition when an eye deviation is 

the same in all positions of the gaze; typically, the deviation is congenital or with an 

early onset. Based on the ocular misalignment, strabismus can be classified into 

several subcategories. The most common type is convergent strabismus or 
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esotropia, when the eye deviates inwards; divergent strabismus or exotropia 

describes an outwards deviation of the eye. Vertical strabismus (hyper- or 

hypotropia) may develop as a primary disease or in conjunction with convergent or 

divergent strabismus. 

Incomitant or noncomitant strabismus refers to the condition when the deviation of 

the eye varies in different fields of gaze. Incomitant strabismus results from a 

limitation of eye movements, and is a secondary condition, relating either to the lack 

of the innervation of extraocular muscles or muscle weakness, or to an orbital 

abnormality (164, 165). 

 

1.3.2 Aetiology of Strabismus 

 

1.3.2.1 Environmental factors 

Various environmental factor have been reported to increase the risk of strabismus 

(166-168).  Low birth weight and retinopathy of prematurity are among main risk 

factors for strabismus (169-173). Children with the aforementioned risk factors could 

suffer a deficit due to malfunction of the geniculostriate pathways during the first 

months of life, leading to strabismus development (174, 175). Maternal smoking 

during pregnancy is also considered as a risk factor for strabismus. A positive 

correlation between the amount of maternal smoking and the increased risk of 

strabismus development has been reported in several studies; specifically, smoking 

more than 10 cigarettes per day was found to increase the risk significantly (167, 

173, 176). Moreover, mothers who stopped smoking cigarettes during the 1st 

trimester of pregnancy were at a lower risk of their child having strabismus 

comparing with those continued smoking (167, 177). This could be explained by the 

direct toxic effect of nicotine through the placenta (178) during the later stages of 

the fetal growth, which is crucial for the development and specialization of the visual 

system. 

Paternal age was found to be associated with an increased risk of esotropia (163, 

173). There is conflicting evidence regarding the influence of maternal age on 

strabismus development. Most studies have not reported maternal age as a 

significant risk factor (163, 179, 180); however, one study found a significant 

difference in the risk of strabismus in mothers of different ages (173). 
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A difference in the refractive power between the two eyes (anisometropia) of 1.00 D  

increases the risk of strabismus development (163, 169). This association could be 

due to the difference in retinal images between the eyes affecting image fusion.  

Hyperopia of more than +3.00 D is considered as a risk factor strongly associated 

with strabismus, with accommodation and convergence as possible mediating 

factors (181, 182).  

The association of myopia and intermittent exotropia has been investigated since 

the late 1800s; with the hypothesis proposed by Donders that the lower 

convergence in myopes may lead to an increased risk of divergent strabismus 

(183). In contrast, Walsh et al. hypothesised that myopia is a consequence of 

intermittent exotropia and occurs due to the excessive accommodative demand 

(184). A recent meta-analysis of 7 population based studies in 23,541 individuals 

reported that myopia was a risk factor for exotropia (OR: 5.23; p = 0.0001) (185). 

 

1.3.2.2 Genetics of Strabismus 

Numerous studies have been conducted to understand the genetics of strabismus 

(186-188). Twin studies have assessed the concordance of the condition (having 

strabismus in the same direction in both twins) in monozygotic and dizygotic twins 

(189, 190). Concordance in monozogotic twins varies from 24 to 92%, and from 13 

to 60% in dizygotic twins; with higher values of concordance in those having 

accommodative strabismus (188). A complex inheritance pattern was described in 

several studies (191-193). However, the hypothesis that there are rare monogenic 

forms of strabismus was supported, e.g. a locus at 7p22.1 was found in linkage 

analysis of families with multiple members affected by strabismus (194, 195). In 

certain rare syndromes, such as Mietens-Weber Syndrome and Lamb-Shaffer 

Syndrome, strabismus is one of the clinical features, alongside intellectual disability. 

In the only previous genome-wide association study for non-syndromic strabismus, 

Shaaban et al. (196) identified a single variant (rs2244352; OR = 1.33, p = 9.58E-

11) that was significantly associated with the condition. 

 

1.3.3 Amblyopia 

Amblyopia is defined as poor visual acuity in one or both eyes not immediately 

correctable by glasses and without accompanying ocular pathology. It is one of the 
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most common clinical features found in conjunction with strabismus. Ocular 

misalignment in strabismus leads to unequal visual input to the brain from the two 

eyes. Amblyopia is more frequent in children with a family history of the condition 

(197) but no studies have directly investigated genetic susceptibility to amblyopia. 

However, there is a well-recognised variability in the apparent susceptibility to 

amblyopia amongst individuals that have the same degree of strabismus, and the 

reasons for this are not clear but could include genetic factors (197).  

Bilateral amblyopia is described in cases of equal but severe refractive error, 

however the clinical course is different from unilateral amblyopia which is much 

more prevalent. The latter condition is usually defined as a difference in best 

corrected visual acuity between the two eyes of ≥ 2 lines of a logMAR chart (198, 

199). 

Strabismic amblyopia typically occurs in unilateral strabismus, when the deviation in 

one eye is constant. It is less frequent in patients with an alternating deviation (200). 

Early onset of strabismus and anisometropia associated with the deviation of the 

eye increase the risk of amblyopia development.  

Treatment of amblyopia aims to restore visual functions such as visual acuity, as 

well as improving accommodation and eye mobility. When it is possible to achieve, 

the development of a binocular function is the final step in the management of 

amblyopia. Optical correction of refractive errors associated with amblyopia helps to 

achieve clear retinal images in both eyes. Full correction by spectacles or contact 

lenses has been proposed as an initial step in the treatment of amblyopia (201).  An 

alternative therapeutic approach is under-correction of refractive error, as this may 

have positive effect on emmetropization of the eye (202). Optical correction is 

typically followed by the stimulation of the amblyopic eye, with only approximately 

25% of eye care specialists using the refractive error correction alone (203). 

Occlusion is an effective method for amblyopia treatment. This well-known 

intervention was introduced in the 9th century (204). The first type of adhesive eye 

patch was described in 1927 by C. H. Satler (204). Occlusion of the eye with better 

visual acuity aims to stimulate the amblyopic eye; it also helps to reduce eccentric 

fixation. Numerous studies have reported that occlusion therapy is successful in 

strabismic amblyopia management (205, 206) with higher success rates in younger 

patients. However, a high level of noncompliance has been reported in children 

older than 8 years (207). Various patching regimens have been proposed, varying 

from 2-hours per day to a full-time occlusion (208, 209). A negative correlation 
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between compliance and efficacy has been reported. Penalization is an alternative 

approach based on the use of atropine, a muscarinic receptor antagonist. The 

instillation of atropine sulphate 1% in the eye with a better vision causes a paralysis 

of the ciliary muscle, leading to blurry vision; hence, reducing the use of better eye 

in vision processes and thereby stimulating the use of the amblyopic eye. 

Amblyopia is amenable to treatment if detected early (197, 210). Beyond age 7-10 

years treatment outcomes are limited.  

 

1.3.4 Management of Strabismus 

There are several aims of strabismus management plans: 1) to achieve good visual 

acuity in both eyes, 2) to restore appropriate ocular alignment, 3) to restore or 

obtain binocular fusion, 4) to eliminate double vision and asthenopic symptoms. 

Treatment options include optical correction, use of pharmacological agents, vision 

therapy, and/or extraocular muscle surgery. Strabismus surgery is used to correct 

the misalignment of an eye by altering the physical action or anatomy of one or 

more of the extraocular muscles. Weakening the muscle or recession to move its 

attachment site further back from the front of the eye, reduces the action of the 

muscle when it is stimulated. Conversely, resection surgery involves removal of a 

section of the muscle, strengthening the muscle function. 

 

1.4 Hyperopia 

Hyperopia or far-sightedness is a common refractive error in which light rays focus 

behind the retina in the non-accommodated eye (Figure 1.3). In most cases it is 

attributable to a relatively short axial length (211).  
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Figure 1.3 Refraction in the hyperopic eye. 

 

1.4.1 Classification of Hyperopia 

Two main classifications of hyperopia exist in the current literature. The first one is 

based on the degree of refractive error, with low hyperopia being defined as a 

refractive error of more than +0.50 D and less than +2.00 D, moderate hyperopia as 

+2.25 D to +5.00 D, and high hyperopia as a refractive error more than +5.00 D 

(212). Different thresholds for defining high hyperopia have been proposed, varying 

from +4.00 D (213), or +4.50 D (214) to +5.00 D. The second system of 

classification is based on clinical features, and also consists of three categories 

(215). Simple hyperopia is defined as being due to the normal biological variation in 

axial length or in the optical components of the eye. Pathological hyperopia is 

defined as being due to a congenital eye malformation or eye trauma that leads to 

abnormalities in eye anatomy. Finally, paralysis of accommodation causes 

functional hyperopia.  

 

1.4.2 Prevalence of Hyperopia 

Hyperopia has been reported as a common refractive error in children (201, 211). 

However, it is not straightforward to compare various estimates of the prevalence of 

the condition, as different definitions of hyperopia have been used in different 

studies (216). Despite this, it is commonly accepted, that hyperopia is age-related 

(211, 217). Up to 9% of full-term infants 6-9 months old have hyperopia of +3.35 D 

or more (168, 202). The prevalence drops to 3.5% by the age of 1 year (218). 
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Children born prematurely are typically less hyperopic (219). A meta-analysis of 

hyperopia studies reported the prevalence of hyperopia to be 5% in children aged 7 

years old, with lower prevalence at ages 9 and 15 years (2-3% and 1%, 

respectively) (220). However, studies in predominantly Caucasian populations have 

reported a higher prevalence of hyperopia (211, 217). 

A gender difference in the prevalence of hyperopia has been assessed in numerous 

studies, however the existing evidence is conflicting. Girls were found to be more 

hyperopic in a meta-analysis of existing studies conducted by Castagno et al (220), 

whereas Ip et al. (211) reported a higher prevalence in boys in a sample from 

Australia. No evidence for an association of hyperopia with gender was found in a 

study conducted in Northern Ireland (217). 

 

1.4.3 Educational Attainment and Hyperopia 

Learning at school and academic achievements depend greatly on vision and even 

minor visual problems may negatively influence the learning process (221, 222). 

Uncorrected hyperopia, as a common refractive error, is one such vision defect. 

Increased use of electronic devices and a large amount of near work in class may 

affect the accommodative-vergence system in hyperopes, leading to development 

of adverse symptoms such as headache, fatigue and asthenopia (223). Thus, 

children with uncorrected hyperopia may experience greater difficulties with learning 

and education. Numerous case-control and cross-sectional studies have examined 

the effect of uncorrected hyperopia on academic performance in participants with 

existing (214) or simulated hyperopic refractive error (224). Hyperopia was found to 

be associated with a deficit in early literacy skills in children aged 4-5 years old 

(225), confirming results of a study in 8 year-old children conducted in Wales (214). 

In the latter study, Williams et al. (214) reported that children with hyperopia 

achieved lower scores in Standardised Assessment Test (SAT) and National 

Foundation for Education Research (NFER) examinations than their peers. 

Two studies have been conducted with the aim of identifying the amount of 

uncorrected hyperopia that may lead to poorer academic performance. However, 

only adult participants have been included in these studies (226, 227). Both studies 

reported that the decrease in test results was restricted to individuals with 

uncorrected hyperopia of at least +1.50 to +2.00 D.   
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While the association between uncorrected hyperopia and poorer educational 

attainment has been assessed in numerous studies, only one study has 

investigated the causality in the relationship (46). A bidirectional Mendelian 

randomisation analysis has been performed in a large sample of UK Biobank 

participants, using genetic variants robustly associated with myopia as instruments 

to estimate the effect of refractive error on time spent in full-time education. This MR 

study reported no causality in the association: the estimated reduction in years 

spent in education per Dioptre of refractive error was 0.008 Years/D (95% CI -0.041 

to 0.025, p = 0.6).  

More evidence is needed to estimate the causal effect of uncorrected hyperopia on 

educational attainment due to inconsistency in definition of hyperopia and 

educational achievement between the studies.  

 

1.4.4 Management of Hyperopia 

Optical correction by means of spectacles and contact lenses is the most commonly 

used method of hyperopia management. Convex spherical or spherocylindrical 

spectacle lenses is a cost-effective and convenient option (228). Despite the many 

attempts to standardise the optical correction of hyperopia, many practitioners still 

rely on their own ad hoc experience when prescribing spectacles. Whereas 

prescribing the full amount of refractive error found upon non-cycloplegic refraction 

was proposed by Leat et al. (201), Horwood et al. (229) recommended that 

prescription of the full cycloplegic refraction is preferable. Soft or rigid contact lenses 

are also used to correct hyperopia and have some advantages in certain groups of 

hyperopic patients, e.g. in patients with anisometropia, contact lenses reduce 

aniseikonia (i.e. the difference in retinal image size between the 2 eyes). Vision 

therapy has also been suggested as a method to improve the binocular disfunction 

that may occur due to hyperopia (230). In some patients, optical correction does not 

completely eliminate the accommodative disfunction; thus, vision therapy may be 

helpful in such circumstances.  

 

 

 



27 
 

 

 

 

 

 

 

 

 

 

Chapter 2. General Methods 
 

 

 

 

 

 

 

 

 



28 
 

2 Chapter 2. General Methods  

 

2.1 UK Biobank 

UK Biobank recruited 502,633 participants aged 37 to 73 years between February 

2006 and July 2010 (231). Ethical approval was obtained from the National Health 

Service National Research Ethics Service (Ref 11/NW/0382) and all participants 

provided written informed consent. A comprehensive questionnaire was completed 

at a baseline visit to one of 22 assessment centres and participants underwent a 

physical assessment. The information collected included sociodemographic data 

and medical history. Blood samples were taken in order to perform genome-wide 

genotyping. Towards the latter stages of the recruitment period, an ophthalmic 

examination was introduced, and it was completed by approximately 23% of 

participants.  

As an open access large-scale population based study UK Biobank provides 

researchers with valuable information on genetic, health and lifestyle data (232). UK 

Biobank data relevant to the current thesis are described in this chapter. However, 

there are some limitations of the UK Biobank important to consider. The ‘healthy 

volunteer effect’ (233) in UK Biobank has been assessed in order to investigate 

whether the UK Biobank sample differs from the general population (234). It has 

been shown that UK Biobank individuals live in more socioeconomically advantaged 

areas, are more educated, and less likely to be obese, to smoke and consume 

alcohol (234). Thus, while UK Biobank is not representative of the general 

population, it is suitable for the assessment of the exposure-outcome associations 

which are, in part, generalizable (234, 235). 

The self-report of health conditions that occur in childhood may be affected by recall 

bias (236). As UK Biobank participant were of aged 37-70 years at the time of data 

collection, this is an important consideration in the current work. Recall bias may 

have affected the following variables: age-of-onset of wearing spectacles, birth 

weight, and presence/absence of strabismus. Where possible, I assessed the 

reliability of self-reported data in my thesis. 
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2.1.1  Phenotypes in UK Biobank: Education 

498,768 participants completed the questionnaire item #6138: “Which of the 

following qualifications do you have (you can select more than one)?”;  with the  

options, “(1) College or University degree, (2) A levels/As levels or equivalent, (3) O 

levels/GCSEs or equivalent, (4) CSEs or equivalent, (5) NVQ or HND or HNC or 

equivalent, (6) Other professional qualifications, e.g. nursing, teaching, (7) None of 

the above, (8) Prefer not to answer”. After excluding those without genotype data 

and withdrawing consent, there were a total of 488,295 individuals with valid 

Educational qualifications data (Table 2.1). Questionnaire item #845: “At what age 

did you complete your continuous full time education” was asked of all participant 

except those who indicated having a college or university degree (answers to item 

#6138). In the current study, a variable ‘EduYears’ (Table 2.1) was derived from the 

answer to item #845, except that UK Biobank participants with a college or 

university degree were coded as having finished full time education at age 21 years, 

and those who reported completing full time education at age 13 or earlier, were 

assigned a value of 13 years.   

Qualfication 

Number of 

participants (%) 

College or University degree 159,048 32.57 

A levels/AS levels or equivalent 35,672 7.31 

O levels/GCSEs or equivalent 62,956 12.89 

CSEs or equivalent 17,985 3.68 

NVQ or HND or HNC or equivalent 52,717 10.80 

Other professional qualifications, e.g. nursing, teaching 71,218 14.59 

None of the above 82,954 16.99 

Prefer not to answer 5,745 1.18 

Total 488,295 100 

Table 2.1 Educational qualifications in the sample of 488,295 UK Biobank participants 
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Figure 2.1 Distribution of EduYears variable in UK Biobank participants. 

 

A variable ‘Educational Year’ was created as analogous to year of birth but starting 

from September (as for the school year). 

 

2.1.2 Phenotypes in UK Biobank: Eye and Vision-related Data 

Measurement of refractive error in UK Biobank was introduced as a component of 

the ophthalmic assessment, therefore only a subset of participants had 

refractometry readings (n = 129,739). Non-cycloplegic autorefractometry was 

performed using the Tomey RC 500 autorefractor-keratometer (Tomey Corp., 

Nagoya, Japan) after removing habitual glasses or contact lenses. Up to 10 

measurements were taken for each recording, with coding all unreliable data as 

missing. Spherical equivalent was calculated as the spherical power plus half of 

cylindrical power (237) for each eye, then the values for the two eyes were 

averaged (average mean spherical equivalent; avMSE). The distribution of avMSE 

in UK Biobank participants is shown on Figure 2.2. Following the recommendations 

of the International Myopia Institute (16), myopic eyes were defined as those with 
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spherical equivalent refractive error  -0.50 Dioptres (D). Refractive astigmatism 

was taken as the average cylinder power between the two eyes (238). A binary 

variable was used to classify individuals with astigmatism 1.00 D vs. <1.00 D, as 

adopted by Shah et al. (82). Anisometropia was calculated as the difference in 

spherical equivalent between the two eyes. A binary variable was used to classify 

individuals with anisometropia 1.00 D vs. <1.00 D (239).  

At the baseline or first follow-up visit participants were asked the reasons for 

wearing glasses or contact lenses (questionnaire item #6147). They were able to 

select more than one answer unless they stated myopia or presbyopia as the 

reason; in that case, no additional choices were allowed. Classification of 

participants as having strabismus or amblyopia was based on their answer on this 

item. Note that the “self-reported” strabismus phenotype included all subtypes of 

strabismus. 

 

Figure 2.2 Distribution of the avMSE refractive error variable in UK Biobank participants. 
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2.1.3 Phenotypes in UK Biobank: Birth Weight 

All UK Biobank participants were asked to enter their birth weight using either metric 

or Imperial system units (kg or pounds/ounces, respectively). The Imperial values 

were converted into kg by the UK Biobank researchers; only metric unit data (field 

#122) were used in current study. A total of 280,264 individuals recalled their birth 

weight at the baseline or follow-up visit. The distribution of the phenotype is shown 

on Figure 2.3. 

Figure 2.3 Distribution of Birth weight in UK Biobank participants. 

 

2.1.4 Genetic Data in UK Biobank 

DNA samples from blood were genotyped by UK Biobank researchers either on the 

UK BiLEVE genotyping array (n = 49,950) or the UK Biobank Axiom genotyping 

array (n = 438,427) at approximately 800,000 genetic markers.  UK Biobank made 

two releases of the genetic data: the interim release comprising of data for 

approximately 150,000 participants was made publicly available in 2015.  Imputation 

was performed using IMPUTE2 (240) at more than 70,000,000 variants using a 

merged UK10K Project and 1000 Genomes Project Phase 3 reference panel (241, 

242). The information metric (INFO) with values between 0 and 1, which 
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corresponds to the imputation quality (INFO near 1 indicates a high quality of 

imputation) is reported by IMPUTE2. The second release included genetic data for 

the full cohort and was made available in July 2017. Prior to release of the genetic 

data, Bycroft et al. (243) performed extensive quality control of the genotype data 

and imputed additional genotypes using the HRC reference panel (244) combined 

with the UK10K Project merged with 1000 Genomes Project Phase 3 reference 

panel (241, 242). The UK Biobank researchers carried out the imputation using 

IMPUTE4 software (URL: https://jmarchini.org/software/). This resulted in a dataset 

with more than 93,000,000 autosomal genetic variants in 487,377 individuals. Due 

to issues with the imputation of the UK10K and 1000 Genomes variants initially, 

only variants from the HRC panels were used in current work.  

A total of 409,728 UK Biobank participants were in the ‘White British ancestry’ 

subset defined by Bycroft et al. (245). A set of well-imputed variants (with IMPUTE4 

INFO metric >0.9, minor allele frequency (MAF) > 0.005, missing rate  0.01, and 

an ‘rs’ variant ID prefix) were selected and LD-pruned using the --indep-pairwise 50 

5 0.1 command in PLINK 2.0 (246). I created a genetic relationship matrix (GRM) 

with PLINK 2.0 in order to identify a set of unrelated individuals (command --rel-

cutoff 0.025). This left 338,253 unrelated participants of White British ancestry. 

 

2.1.5 Covariates 

Age when participants attended the UK Biobank assessment centre, Townsend 

Deprivation Index, first ten ancestry principal components (PC) and average 

refractive error (for GWAS for Strabismus) were used as quantitative covariates. 

Genotyping array (UK BiLEVE or UK Biobank Axiom) and gender were coded as 

binary variables. 

 

2.2 ALSPAC  

In the Avon Longitudinal Study of Parents and Children (ALSPAC) (247, 248) a total 

of 14,541 pregnant women resident is the southwest of England expecting delivery 

between 01/04/1990 - 31/12/1992 were recruited. At the age of one year, 13,988 of 

children born to these women were still alive. Mothers and their partners completed 

a series of questionnaires. At the age of 7 years, children attended a research clinic 

https://jmarchini.org/software/
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assessment that included an ophthalmic examination carried out by members of the 

ALSPAC research team (249).  

 

2.2.1 Phenotypes in ALSPAC 

Non-cycloplegic refraction was assessed using a Canon R50 (Canon, Tokyo) 

autorefractor.  Refractometry without using cycloplegic agents in children been 

previously reported as a source of misclassification, with overestimation the 

proportion of children with myopia (250, 251). To assess the degree of bias, the 

ALSPAC researchers conducted a nested study comparing non-cycloplegic and 

cycloplegic refractions in a sample of children with visual acuity through a pinhole 

worse than 0.2 logMAR (n=345) (252). The sensitivity and specificity of non-

cycloplegic refraction were 61% and 99%, respectively, to identify hyperopia of at 

least 2.00 D. Therefore, lack of cycloplegia will have led to an underestimation of 

prevalence of hyperopia. Eye movements were assessed by an orthoptist during the 

ophthalmic assessment. Simultaneous and alternate prism cover tests both at near 

(33 cm) and distance (6 m) were used to quantify the eye misalignment. Based on 

the presence in normal viewing with both eyes, strabismus was classified as 

manifest (> 1 prism Dioptre () on prism cover testing). With regards to the direction, 

strabismus was classified as convergent, divergent, vertical or mixed. Horizontal 

(convergent or divergent) strabismus included manifest and ‘large’ latent deviations 

(≥ 10 for convergent and ≥ 15 for divergent). The ocular phenotype data was 

available in 5,200 of the ALSPAC children. The following phenotypes were used in 

the current thesis: Parentally reported history of strabismus (n = 145 cases), 

manifest strabismus (n = 116 cases), esotropia (n = 143 cases) and exotropia (n = 

28 cases). Children with amblyopia were defined (249) as those with a history of 

patching treatment and/or with an interocular difference in best-corrected visual 

acuity for each eye of 0.2 logMAR units where the worse-seeing eye had a best-

corrected visual acuity of <0.3 logMAR, and the eye looked normal on dilated 

ophthalmoscopy. 

 

2.2.2 Genetic Data in ALSPAC 

ALSPAC children were genotyped using the Illumina HumanHap550 quad chip. 

Quality control (individual call rate > 0.97, SNP call rate > 0.95, MAF > 0.01, Hardy-

Weinberg Equilibrium (HWE) > 1E-7, removal of participants clustered as non-
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Europeans), resulted in genetic data available for 9,237 children. ShapeIT (v2.r644) 

was used to phase haplotypes and IMPUTE2 was used for imputation against all 

2,186 reference haplotypes (including non-Europeans) in the December release of 

the 1000 Genomes reference haplotypes (Version 1 Phase 3). A total of 8,237 

children had genotype data available. 

 

2.3 Consortia Data 

Summary statistics data for GWAS meta-analyses from the Early Growth Genetics 

(EGG) consortium, the Consortium for Refractive Error and Myopia (CREAM) and 

the SOCIAL Science Genetics Association Consortium (SSGAC) have been used in 

the current thesis. 

 

2.3.1 EGG Consortium 

Summary statistics for a GWAS meta-analysis for birth weight (253) were 

downloaded from the Early Growth Genetics (EGG) consortium website (URL: 

www.egg-consortium.org). The EGG consortium meta-analysis comprised of 18 

European population-based studies (n=26,836). EGG excluded participants from 

multiple births and those with a gestational age <37 weeks. Genetic variant effect 

sizes were reported as the change in birth weight (BW) Z-score per copy of the test 

allele. Studies included in the EGG meta-analysis were: two sub-samples from the 

1958 British Birth Cohort (B58C-WTCCC, B58C-T1DGC); the Avon Longitudinal 

Study of Parents And Children (ALSPAC-Children); the Children’s Hospital of 

Philadelphia (CHOP); the COpenhagen Prospective Study on Asthma in Childhood 

(COPSAC-2000); the European Prospective Investigation of Cancer (EPIC); the 

Erasmus Rucphen Family (ERF) study; two sub-samples from the Generation R 

study (Generation R (Discovery 1), Generation R (Discovery 2)); the Helsinki Birth 

Cohort Study (HBCS); the Lifestyle – Immune System – Allergy (LISA) study; the 

Northern Finland 1966 Birth Cohort (NFBC1966); two sub-samples of singleton 

births from the Netherlands Twin Register (NTR1, NTR2); the Orkney Complex 

Disease Study (ORCADES); the Prevention and Incidence of Asthma and Mite 

Allergy (PIAMA) study; the Raine study (RAINE); and the Sorbs study (SORBS). 

 

http://www.egg-consortium.org/
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2.3.2 CREAM Consortium 

Summary statistics for a GWAS meta-analysis for refractive error were provided by 

the CREAM consortium (238). The CREAM meta-analysis was based on 29 studies 

of European ancestry (n=44,192 in total), most of which were population based. 

Spherical equivalent averaged between the two eyes was used as the refractive 

error phenotype. Studies included in the CREAM meta-analysis were: The 1958 

British Birth Cohort (B58C); Antioxydants, Lipides Essentiels, Nutrition et maladies 

OculaiRes (ALIENOR) study; Avon Longitudinal Study of Parents And Children 

(ALSPAC Mothers); Australian and New Zealand Registry of Advanced Glaucoma 

(ANZRAG) study; Age Related Eye Disease Study (AREDS); Brisbane Adolescent 

Twins Study (BATS); Blue Mountains Eye Study (BMES); Croatia-Korcula; Croatia-

Split; Croatia-Vis; Diabetes Control and Complications Trial (DCCT); Estonian 

Genome Center, University of Tartu (EGCUT); the European Prospective 

Investigation of Cancer (EPIC-Norfolk); the Erasmus Rucphen Family study (ERF); 

Fuch’s Endothelial Corneal Dystrophy Controls (FECD); Finnish Twin Study of 

Ageing (FITSA); Framingham Eye Study (FES); Gutenberg Health Study 1 (GHS-1); 

Gutenberg Health Study 2 (GHS-2); "Kooperative Gesundheitsforschung in der 

Region Augsburg” (KORA); Ogliastra Genetic Park (OGP) Talana; the Orkney 

Complex Disease Study (ORCADES); Rotterdam Study I, II, and III (RS I-III), the 

Twins Eye Study in Tasmania (TEST); the TwinsUK study; Wisconsin Epidemiologic 

Study of Diabetic Retinopathy (WESDR); and the Young Finns Study (YFS). 

 

2.3.3 SSGAC Consortium 

Summary statistics data for an Educational attainment GWAS meta-analysis were 

provided by the SSGAC Consortium (https://www.thessgac.org/data) (254). 

Participants from 71 cohorts were included. As the cohorts were heterogeneous in 

terms of country of birth and birth cohort, the SSGAC researches constructed the 

EduYears (the number of years in schooling completed) variable as a harmonised 

measure of years-of-education, with levels equivalent to the seven educational 

categories defined by the 1997 International Standard Classification of Education of 

the United Nations Educational, Scientific and Cultural Organization. 

 

https://www.thessgac.org/data
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2.4 Methodology 

Various statistical approaches have been used in the current thesis. This section of 

the thesis describes these methods and the statistical software used. 

 

2.4.1 Causality 

The concept of causality is important in epidemiology; however, there is no single 

definition accepted by the scientific community. Various definitions exist, such as 

the classification of causes proposed by Parascandola and Weed (2001) (255). 

These authors described five definitions corresponding to typical epidemiological 

approaches. The outcome cannot be seen without Necessary Cause; whereas, it 

must occur if the cause is Sufficient. Sufficient Components could be seen as a 

development of the previous definition and refers to the condition when more than 

one component is, individually, not sufficient for the outcome, but combined produce 

the effect. Production refers to the situation when the cause produces the effect or, 

in other words, affects or changes the outcome. The cause increases the chance 

(probability) of the outcome occurrence under the Probabilistic Causation definition. 

Under the Counterfactual definition, the observed effect given the cause differs from 

the effect that would have occurred if the effect had been different or even absent. 

To distinguish between causal and non-causal association, Sir Austin Bradford Hill 

proposed nine concepts that should be considered: 1) strength of the association, 2) 

consistency, 3) specificity, 4) temporality, 5) biological gradient, 6) plausibility and 7) 

coherence (256).  

In epidemiology, randomized controlled studies(RCT) are considered to be the gold 

standard to establish causality in the relationship between a risk factor and an 

outcome (257-259). However, sometimes it is not possible or feasible to conduct a 

RCT (in regard to the current thesis it is impossible to conduct a RCT to estimate 

the causal effect of birth weight on refractive error and it would be unethical to run a 

study in schoolchildren in order to assess the causality in the relationship between 

education and myopia). Hence, other approaches rather than RCT are required; I 

describe these approaches in the current chapter. 
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2.4.2 Linear and Logistic Regression 

Linear and logistic regression are statistical methods widely used in both 

observational (260-262) and genetic epidemiology, as well as for genome-wide 

association studies (GWAS) (263, 264). 

Linear regression analysis is used to describe the linear relationship between a 

continuous outcome 𝑌 (dependent variable) and one or more predictors 𝑥 

(independent variables). Predictors in the linear regression model can be 

continuous, binary or categorical variables. The basic model equation is 

𝑌 = 𝛽0 +  𝛽1𝑥 +  𝜀 

Equation 2.1 Linear Model Equation. Y = continuous outcome, β0 = intercept, β1 = regression 

coefficient for X, 𝑥 = observed value of 𝑥, 𝜀 = error term. 

 

The regression coefficient represents the change in the outcome per unit of 

measurement change in the predictor variable. In a GWAS, the regression 

coefficient β1 is the average change in the trait of interest per copy of the ‘risk’ allele 

(the allele that confers a risk of developing disease) carried. 

Logistic regression is used when the dependent variable is binary. This model has 

been utilized in cohort and in case-control studies. Logistic regression answers the 

same question as linear regression (i.e. Is there an association between the 

predictor(s) and the outcome?). However, for logistic regression the nature of the 

outcome variable, the measure of the association, is an odds ratio (OR). OR in 

epidemiology can be used to assess whether a predictor variable is a risk factor for 

the outcome. If the predictor variable is associated with higher odds of the outcome, 

then then OR is greater than 1. Values of the OR less than 1 describe an 

association of the predictor variable with lower odds of the outcome; and when the 

predictor variable does not affect the outcome, the OR is equal to 1.  

A logit transformation is a critical part of the logistic regression framework, meaning 

that the estimated association is between the natural logarithm of the odds and 

predictor(s). 

ln (
𝜋

1 − 𝜋
) = 𝛽0 +  𝛽1𝑥 +  𝜀 
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Equation 2.2 Logistic regression. 𝑙𝑛 (
𝜋

1−𝜋
) = natural logarithm of odds, π = is the probability of 

the binary outcome variable being = 1; β0 = intercept, β1 = natural logarithm of the OR of a 

one unit increase in 𝑥, 𝜀 = error term. 

 

In a highly unbalanced case-control association study (i.e. where the number of 

controls is much greater than the number cases) or in studies of rare variants, the 

standard logistic regression estimate can be biased (265). In that case, a Firth 

logistic regression that produces a bias-corrected estimate is a more effective 

approach (266, 267). 

Linear mixed models (LMM) extend the traditional linear model framework to allow 

the inclusion not only of predictor variables as fixed effects but also predictor 

variables as random effects. In terms of GWAS analysis, LMMs typically model 

familial relatedness as a random effect. This has the advantage of adjusting for 

cryptic relatedness and partially accounting for population structure. Allowing the 

inclusion of relatives in the GWAS sample leads to the increase of the statistical 

power of the association study. BOLT-LMM v.2.3 (268, 269) is the most commonly-

used software for implementing a LMM GWAS analysis. 

 

2.4.3 Instrumental Variable Analysis 

As linear regression estimates are susceptible to bias due to confounding (270, 

271), they cannot be used to infer the causality in the relationship between a 

predictor and an outcome. Instrumental Variable (IV) analysis is a widely used 

approach (e.g. econometrics, health sciences, and epidemiology) that seeks to 

control for confounding. An instrumental variable or instrument is a variable 

associated with the exposure, but that is not independently associated with the 

outcome. To be a valid instrument, a variable Z must have following properties: 

1) Be associated with the exposure (X) 

2) Only affect the outcome via the exposure  

3) Have no common cause with the outcome (Y) 
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Figure 2.4 Causal Diagram illustrating the IV assumptions for the instrument Z. U is the set 

of unmeasured confounders of the exposure-outcome association. 

 

The first assumption implies that there is a systematic difference in the average 

level of exposure in groups defined by the instrument value. The second 

assumption or the “exclusion restriction” guarantees that unmeasured confounders 

are distributed equally between these groups. The final assumption means than 

there is no direct effect of the instrument on the outcome and no other route for the 

instrument to affect the outcome except via the exposure. 

Several methods can be used to estimate the causal effect in IV analysis. The ratio 

of coefficients method or Wald method (272) is used with a single binary instrument.  

𝑊𝑎𝑙𝑑 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 =  
Δ𝑌

ΔΧ
=  

Δ𝑦1̂ − Δ𝑦0̂

Δ𝑥1̂ − Δ𝑥0̂
 

Equation 2.3 Ratio method (Wald) estimate. 𝛥𝑌 = difference in the outcome, 𝛥𝑋 = difference 

in exposure.  

 

Mendelian randomisation (MR) analysis is a research method that uses genetic 

variants as instrumental variables (discussed in detail in Section 2.4.4). In the MR 



41 
 

settings, the causal effect of the exposure on the outcome can be estimated as 

(259): 

                                               𝜃�̂� = 
𝛽𝑌�̂�

𝛽𝑋�̂�
 

Equation 2.4 Wald estimator in MR analysis. 𝛽𝑌𝑗̂  is the estimated effect of jth SNP on the 

outcome,  𝛽𝑋𝑗̂  is the estimated effect of jth SNP on the exposure. 

 

Another method used to calculate the IV estimate is two-stage least squares 

(2SLS). Under 2SLS, the causal effect is estimated from two regression models. 

The first stage (Equation 2.5) is a regression of the exposure X on the instrumental 

variable Z. In the second stage Equation 2.6), the outcome is regressed on the 

predicted values for the exposure from the first stage.  

 

𝑋 =  𝛼₀ + 𝛼₁𝑍 + 𝛼₂𝐶𝑜𝑣₁ + . . . + 𝛼𝑖+1𝐶𝑜𝑣𝑖  +  𝜔 

Equation 2.5 First stage regression model. Cov = set of covariates,  𝜔 = error term. 

                  

𝑌 =  𝜀₀ + 𝜀₁𝑋 ̂ + 𝜀₂𝐶𝑜𝑣₁ + . . . + 𝜀𝑖+1𝐶𝑜𝑣𝑖   + 𝜁         

Equation 2.6 Second stage regression model.  Cov = set of covariates, 𝜁 = error term. 

 

2.4.4 Inverse-Variance Weighting and Meta-Analysis 

Inverse-variance weighting is a statistical method used to average a set of 

independent effect sizes. In MR analysis settings the variance can be taken as  

𝑠𝑒(𝛽𝑌�̂�)
2

𝛽𝑋�̂�
2   so, the ratio estimates from each SNP can be combined into one averaged 

estimate using a formula (273) : 
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𝜃𝐼𝑉𝑊= 
∑ 𝛽𝑌�̂�𝛽𝑋�̂�𝑠𝑒(𝛽𝑌�̂�)−2

∑ 𝛽𝑋�̂�
2

𝑠𝑒(𝛽𝑌�̂�)−2
 

Equation 2.7 IVW MR Estimate. 𝛽𝑌𝑗̂  is the estimated effect of jth SNP on the outcome,  𝛽𝑋𝑗̂  

is the estimated effect of jth SNP on the exposure. 

 

IVW MR analysis provides a consistent causal effect estimate if all instruments are 

valid. Methods used when IV assumptions are violated for a proportion of the IVs 

are described in section 2.4.4.  

Meta-analysis is a statistical approach widely used to synthesize evidence from 

multiple studies in order to increase the precision of the individual study estimate. In 

genetic epidemiology, meta-analysis is often used to combine the results of 

individual GWAS (sometimes underpowered due to their small sample size) (274). 

METAL software (275) was used to perform meta-analyses in studies described in 

the following chapters. The fixed-effect IVW method is implemented in METAL. 

 

2.4.5 Mendelian Randomisation Analysis 

Mendelian randomisation is a research method that exploits the IV framework using 

genetic variant(s) as instrumental variables to estimate the causal effect of an 

exposure on an outcome of interest. The concept of using genetic variants in the IV 

settings was introduced by Katan (276) who hypothesized that the use of genetic 

predisposition to a risk factor of a disease is a method to overcome issues with 

reverse causation. He suggested to use genetic variation in the Apolipoprotein E 

gene (APOE) associated with lower levels of serum cholesterol in order to assess 

the causality in the relationship between cholesterol level and risk of cancer. 

Because of the random assignment of alleles, individuals with the ‘cholesterol 

lowering’ allele should not have any systematic difference from those carrying other 

allele. Hence, comparing the difference in the APOE distribution between individuals 

with and without cancer would allow one to draw a conclusion regarding the causal 

effect of low serum cholesterol level and the increased risk of cancer. The term 

‘Mendelian randomisation’ was first used by Gray and Wheatley (277) and was 

popularised by Davey Smith and Ebrahim (278). 
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In genetically informed research methods the counterfactual approach (Section 

2.4.1) is used for causal inference (279, 280). Under this scenario, the researcher 

wants to assess the effect of the exposure on the outcome and compare with the 

effect of another expose (or, no exposure). In real life it is impossible to observe the 

outcome under both conditions in a single individual; hence, it is crucial to access 

the exchangeability (281), the balance between exposed and unexposed groups on 

observed and unobserved confounders. As mentioned previously, in the current 

chapter the random allocation of SNP alleles to egg/sperm cells provides 

independence from potential confounders (259).   

In support of the validity of causal relationships identified using MR, the results of 

MR studies have either confirmed the results of previously conducted RCTs (282) or 

have been supported by subsequent RCTs (283, 284). Specifically, it has been 

shown that when the effect of a genetic variant is known and effectively mimics the 

effect of the therapeutic agent used in an RCT, the results of MR study can be used 

to anticipate the results of clinical trials (285).  

MR has found recognition in public health; e.g. the results from MR studies formed a 

substantial part of the body of the scientific evidence in establishing the guidelines 

for the management of dyslipidaemias by the European Society of Cardiology and 

the European Atherosclerosis Society (286). 

To be a valid instrument, a genetic variant must meet all the criteria listed in section 

2.4.2. To meet the first criteria, a genetic variant must be associated with the risk 

factor. Currently, the results of numerous GWAS are publicly available, therefore it 

is straightforward to find variants that satisfy the first assumption. Typically, genetic 

variants found to be associated with the risk factor at genome wide significance 

threshold (p < 5 E-08) are selected for use as instruments. 

It is not possible to test the second assumption that the genetic variant is not 

associated with any confounders of the exposure-outcome association. Even 

though the association between known confounders and the genetic variant can be 

tested, there are still many unknown or unmeasured confounders. A common 

solution is to test the genetic variant for association with known measured 

confounders. Genetic variants that have effects on more than one trait are called 

‘pleiotropic’; and their inclusion in MR analysis can be problematic as it could violate 

the second or third IV assumptions. If pleiotropy occurs due to the association of the 

genetic variant with an intermediary trait that in turn affects the exposure (i.e. the 
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relationship between the SNP and the exposure is mediated by one or more 

intermediary traits; known as ‘vertical pleiotropy’), then this variant can be used as a 

valid instrument. However, if the genetic variant affects the exposure via two or 

more independent pathways (‘horizontal pleiotropy’), then it does not satisfy the IV 

criteria and, therefore it is not a valid instrument for an MR analysis. When 

pleiotropic effects are biased in one direction, this is referred to as ‘directional 

pleiotropy’; in case of ‘balanced pleiotropy' the averaged pleiotropic effect is zero. 

An MR study can use either a single instrument (one SNP or a ‘polygenic risk 

score’) or multiple instruments (when more than one SNP has been identified in a 

GWAS). The use of multiple instruments has the advantage of increasing the 

precision in estimating the causal effect (if all SNP are strongly associated with the 

exposure and do not suffer from weak instrument bias). The downside of this 

approach is that including more genetic variants increases the risk that some of the 

variants will display horizontal pleiotropy and therefore bias the causal effect 

estimate. Multiple genetic variants can be combined into a single polygenic risk 

score (287) that protects against weak instrument bias.  

MR analyses can be performed in a single sample of participants (one-sample MR) 

or the variant-exposure and variant-outcome association can be tested in different 

samples (two-sample MR) (288). The second design has several advantages as it 

protects against weak instrument bias and allows the researcher to use summary 

level data (typically made publicly available by large research consortia). 

With the increasing number of GWAS conducted, more and more genetic variants 

have been identified; hence horizontal pleiotropy has become an emerging problem 

in MR studies. A number of methods have been introduced in order to test for and to 

correct for horizontal pleiotropy (289-291). 

The MR-Egger method exploits the Egger regression meta-analysis approach and 

requires multiple genetic instruments to be tested (292). The intercept term (the 

direct effect of variants on the outcome) is included in the inverse variance weighted 

model used to estimate the effect in MR. An intercept that is shifted from zero 

indicates the presence of directional pleiotropy; however, the test still provides a 

valid causal effect estimate.  

Median and mode-based MR analyses have been proposed to address the same 

issue of pleiotropy in MR studies. Median-based analysis (293) produces a causal 
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effect estimate that is valid when up to one half of the information is from genetic 

variants that are not valid instruments. A mode-based estimate (294) is consistent 

even when the majority of variants are not valid instruments. 

 

2.4.6 Regression Discontinuity Analysis 

Regression Discontinuity (RD) is a quasi-experimental design widely used in 

Econometrics research, which posits that when assignment to different levels of an 

exposure is based on a continuously measured random variable (the ‘rating’ or 

‘forcing’ variable), for individuals either side of some threshold, the assignment of 

the exposure is essentially random (295, 296). The RD design has high internal 

validity (i.e. producing a consistent causal estimate) and can be easily performed 

given all the required conditions are met, yet it has a limitation of low external 

validity (i.e. it is not straightforward to generalize the RD results) (297, 298). In 

epidemiology, the RD design can be used in situations where the assignment to 

experimental or control groups is based on some cut-off point in the forcing variable.  

There are two main types of RD design: ‘sharp’ and ‘fuzzy’ (299). In the sharp 

design, all the participants with values of the forcing variable above the cut-off value 

(to the right side of the cut-off point) are assigned to the experimental group, and all 

the participants with forcing variable values below the cut-off (those to the left site of 

the cut-off point) are assigned to the control group. In other words, assignment is 

determined by the value of the forcing variable (300). In the sharp RD design, the 

discontinuity in the outcome provides a measure of the average causal effect of the 

treatment (average treatment effect; ATE). 

In a fuzzy RD design, not all participants with value of forcing variable more than 

cut-off value are assigned to the experimental group (the probability of receiving the 

treatment is less than 1 for those on the right-hand side of the cut-off point). Thus, 

the researcher must take this into account when estimating the effect in a fuzzy RD 

study. A local average treatment effect (LATE) is typically used to address this issue 

(301, 302). 

Let 𝑌 denote the outcome, 𝑋 denote the value of the forcing variable,  Z is a binary 

indicator of being on the right side of the cut-off point, 𝑇 denotes if the individual is 

assigned to the experimental group (received a treatment), and 𝑐  is the cut-off 

point: 
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𝑍 = {
1 𝑖𝑓 𝑋 ≥ 𝑐
0 𝑖𝑓 𝑋 < 𝑐

 

 𝑇 = {
1 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑎 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡                
0 𝑝𝑎𝑟𝑑𝑖𝑐𝑖𝑝𝑎𝑛𝑡 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑟𝑒𝑐𝑒𝑖𝑣𝑒 𝑎 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

 

 

 Then, the ATE at the cut-off point can be estimated as: 

𝐴𝑇𝐸 =  𝐸(𝑌𝑖 | 𝑍 = 1) − 𝐸(𝑌𝑖 |𝑍 = 0) 

Equation 2.8 Average treatment effect in sharp RD.  

 

In fuzzy RD, the LATE is estimated as: 

𝐿𝐴𝑇𝐸 =  
𝐸(𝑌|𝑍 = 1) − 𝐸(𝑌|𝑍 = 0)

𝐸(𝑇 = 1|𝑍 = 1) − (𝑇 = 1|𝑍 = 0)
 

Equation 2.9 Local average treatment effect in fuzzy RD. 

The 2SLS method (section 2.4.2) is the approach typically used for estimating the 

ATE and the LATE (300, 302). However, other techniques can be used for the 

estimation of the LATE in a RD study (e.g. maximum likelihood-based or Bayesian 

estimation methods). 

The optimal size for the unit of measurement of the forcing variable, which is known 

as the ‘bin size’, can be selected using two main ways: 1) informal, and 2) formal. 

Using the first approach, the researcher can try different bin sizes and visually 

compare graphical plots of the bin size vs. outcome relationship to find the most 

informative one. A bin size that is too small makes the plot noisy and less 

informative. If the bin size is too big, it is difficult to observe the discontinuity at the 

cut-off point. The formal method utilises the F-test, which tests the hypothesis that 

the proposed bin size is too big and a smaller one will provide a better fit to the data.  

It is crucial for the validity of an RD study to select the right number of bins either 

side of the cut-off point (a ‘bandwidth’ selection). Optimal bandwidth selection 

methods utilise the mean square error concept. There is always a trade-off between 

precision and bias, as using the widest bandwidth increases the number of 
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observations, hence the estimate is more precise. On the other hand, using a wider 

bandwidth decreases the accuracy of estimation and increases the risk of bias. 

Cross-validation (300, 303) or ‘plug-in’ procedures (304) are typically used to select 

the optimal bandwidth. 

 

2.4.7 Genome-wide Association Study 

In a genome-wide association study (GWAS), a systematic series of single 

marker tests are performed for genetic variants located across the genome, in order 

to identify variants associated with the phenotypic trait of interest. A large number of 

genetic variants are tested in GWAS, which creates a multiple testing problem. 

Hence, the commonly accepted genome-wide significance threshold is 5.0E-08. 

This threshold is based on performing a Bonferroni correction for independent SNP 

across the human genome; that is, it accounts for LD between variants as well as 

the total number of variants tested (305, 306). Statistical software used to perform 

GWAS in this thesis include PLINK v1.9/2.0 and BOLT-LMM v2.3 (246, 268, 307). 

Linear or logistic regression, or linear mixed models are the statistical methods used 

by these software packages. 

A Manhattan plot is typically used for the visualisation of the GWAS results with the 

negative logarithm of the association p-value for each SNP as a function of genomic 

position (308). A regional association plot is used to inspect the association within a 

specific region (typically several hundred kb either side of the SNP of the interest); 

LocusZoom is an online tool that displays such information 

(https://my.locuszoom.org/) (309). 

 

2.4.8 Population Stratification and Genomic Inflation Factor 

Population stratification occurs when a GWAS sample comprises of subgroups of 

different ancestries with different allele frequencies and is considered to be a source 

of a bias in association studies (310, 311). If the different ancestries have a different 

disease prevalence, then any variant whose allele frequency differs between the 

ancestry groups will be associated with the phenotypic, causing spurious GWAS 

results.  

https://my.locuszoom.org/
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With regard to the GWAS results, population stratification can be tested by 

examining the quantile-quantile (Q-Q) plot, a plot of the observed p-values for each 

SNP from the association study against expected values (typically from the 𝜒2 

distribution) (312). An example of a Q-Q plot is presented in Figure 2.5. 

  

Figure 2.5 Quantile-Quantile (Q-Q) plot for the GWAS for strabismus (Section 4.3.2) 

Population stratification occurs when observed association is stronger than 

expected (i.e. excessive numbers of significant p-values in the observed association 

compared to the expected distribution). The genomic inflation factor (𝜆𝐺𝐶) is used to 

quantify the deviation described above and is calculated as follows (313): 

𝜆𝐺𝐶 =  
𝑀𝑒𝑑𝑖𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  𝜒2𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑠

0.456
 

 Equation 2.10 Genomic inflation factor, 0.456 is the median of the theoretical 𝜒2 distribution 

with one degree of freedom 
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A value of 𝜆𝐺𝐶 more than 1.0 indicates that inflation may have occurred due to 

population stratification; this can be corrected (albeit approximately) by dividing the 

observed 𝜒2 statistics by  𝜆𝐺𝐶. 

 

2.4.9 Polygenic Risk Score 

To date, GWAS have identified thousands of SNP associated with various 

phenotypic traits. Typically, the effect of a single SNP on the trait is small. A method 

of combining the effects of multiple SNP into a polygenic risk score (PRS) was 

introduced first in animal genetics (314), and later in human genetics by researchers 

in the psychiatric genetics field (315). PRS can also be used to predict disease risk 

(316, 317). 

Construction of a PRS requires the effect sizes of the SNP–trait association from a 

‘training’ GWAS to be used as weights in an independent replication sample.  

 

𝑃𝑅𝑆 =  ∑ 𝑋𝑗 × 𝑊𝑗

𝑛

𝑗=1

 

Equation 2.11 Polygenic risk score calculation. PRS = polygenic risk score, 𝑋𝑗 = allele count 

(0,1 or 2) for an individual genetic variant j, 𝑊𝑗 = weight of individual genetic variant j, n = 

total number of variants included.  

 

The typical method to construct a PRS is to take the set of independent SNP 

associated with the trait at genome-wide significance level and to use their effect 

sizes (regression coefficients from a GWAS) as weights. A Bayesian approach that 

takes into account the presence of linkage disequilibrium (LD) was proposed to 

increase the predictive power of the polygenic scores (318); this approach is 

implemented in the LDpred software package. LDpred version 1.0.6 was used in the 

current analyses. 
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2.4.10 Fine-mapping 

The aim of fine-mapping is to find the individual genetic variant or variants with the 

highest likelihood of having a causal effect on the trait of interest among the 

potentially thousands of SNP in a region identified in a GWAS. One common way to 

perform a fine mapping analysis is a conditional analysis, when the lead variant with 

the strongest association with the trait within a certain genomic region is used as a 

covariate in the association study. This analysis is an iterative one, i.e. it is 

performed in steps, using the SNP with the lowest p-value from the previous step 

included as a covariate, until there is no variant attaining the predefined level of 

significance. This conditional approach can only be performed if the ‘raw’ genotype 

data are available. Alternatively, a Bayesian fine-mapping approach can be 

implemented. FINEMAP v1.3 (319) exploits a shotgun stochastic search algorithm 

to evaluate the evidence for multiple causal SNP in a region. The maximum number 

of causal SNP considered is 5 and, given user-selected prior probabilities, the 

software defines the posterior probability for there being 1-5 causal variants in the 

region. Methods such as FINEMAP can be performed using GWAS summary 

statistics rather than requiring access to ‘raw’ genotypes. 

  

2.4.11 Prediction of the pathogenicity of a variant 

Several algorithms can be used for predicting the pathogenicity of a genetic variant; 

in the current thesis I used the Ensembl project website (320, 321) which 

summarises the results of the various algorithms. The Combined Annotation 

Dependent Depletion (CADD) tool calculates a ‘deleteriousness’ score for a SNP or 

indel in the human genome (322). A machine learning model is used to integrate 63 

annotations (conservation, functional prediction, genetic context, epigenetic 

modification) for a variant of interest into a single score. Two types of scores are 

calculated for each variant: ‘raw’ and ‘scaled’. The former scores are proposed to be 

used in comparison of the CADD scores between groups of variants; the latter ones 

are recommended for fine-mapping or identification of causal variants (322). 

SIFT (323) and PolyPhen-2 (324) are two other widely-used algorithms for 

prediction of the deleteriousness of genetic variants; both are based on sequence 

homology used to assess whether the amino acid substitution caused by the variant 

of interest may affect the protein function.  
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Three databases are available for interpreting the significance of genetic variant 

identified in GWAS to a range of health outcomes: PhenoScanner (325), ClinVar 

(326) and gnomAD (327). Each database provides valuable, complimentary 

information on understanding of the pathogenicity and potential functional 

significance of variants. 
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3 Chapter 3. Assessing Causality in Relationshi p Between Birth Weight and Re fractive Error: a Mendelian Randomisation Study  

 

3.1 Introduction 

Changes in the refractive status in children with low or extremely low birth weight 

have been reported previously (328). The most common refractive error found in 

association with low birth weight in preterm-born children is myopia (329, 330), 

although some studies have also reported an increased prevalence of hyperopia 

and astigmatism (170, 331). However, the relationship between birth weight within 

the range of 2.5 to 4.5 kg, which is typically termed the ‘normal range’ (253, 332), 

and refractive error has been investigated in only a few observational studies. The 

normal range was chosen as it encompasses more than 85% of newborns with 

gestational age between 38-42 weeks (between 2nd and 91st centile by the UK-WHO 

charts) (333). In a study conducted in Northern Ireland in a cohort of 12-13 year-old 

children (334), a positive association between birth weight and refractive error was 

found (OR = 1.31, 95% CI 0.81 to 2.12). In contrast, a study of Singaporean infants 

aged 3 years (335) reported a decrease of -0.02 D in refractive error per one kg 

increase in birth weight. However, in both studies there was limited statistical 

support for the findings. In adults, a trend towards a positive association of birth 

weight and refractive error has been observed in two population-based studies. The 

1958 British Birth Cohort (336) reported the association of myopia with lower birth 

weight (OR = 0.90, p < 0.05); in the Gutenberg Health Study (337) the observed 

effect was -0.017 D (95% CI -0.011 to 0.023, p < 0.001) per SD reduction in birth 

weight. 

The current study aimed to test and to quantify the causal relationship between birth 

weight (within the range of 2.5 to 4.5 kg) and refractive error, using Mendelian 

randomisation analysis. 

 

3.2 Methods 

 

3.2.1 Selection of Participants 

A GWAS for birth weight (Section 2.1.3) and a GWAS for refractive error (avMSE; 

Section 2.1.2) were performed in UK Biobank participants. The study was restricted 

to UK Biobank participants with self-reported White ethnicity and with genetically-
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inferred European ancestry. From the remaining 444,857 individuals, those with 

autosomal heterozygosity more than 4 SD from the mean were excluded. 95,504 

participants had valid autorefraction data and reported no history of eye surgery and 

were selected as the sample for the GWAS for refractive error (Figure 3.1). The 

exclusion criteria for the sample for the GWAS for birth weight followed the criteria 

adopted by Horikoshi et.al (253). These criteria were: birth weight outside the range 

of 2.5-4.5kg, being part of a multiple birth, a difference > 0.5kg in self-reported birth 

weight at the baseline and follow-up UK Biobank assessment clinics. A total of 

347,701 individuals without avMSE data or with a history of eye surgery were 

included in this sample for further selection. Among them, 151,067 participants had 

no valid birth weight data and were excluded. Only individuals with a birth weight 

inside the range of 2.5-4.5kg, being a part of a singleton birth with consistent 

birthweight data were included, resulting in 162,039 UK Biobank participants being 

selected as the sample for the GWAS for birth weight; with no overlap with the 

avMSE sample (Figure 3.1). 
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Figure 3.1 Selection of UK Biobank participants for GWAS for refractive error and for GWAS 

for birth weight  
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One-sample Mendelian randomisation requires access to the individual level data 

and valid measurements of both exposure and the outcome. Hence, a set of 

individuals with both valid birth weight and autorefraction data was selected (n = 

39,968) for a one-sample MR analysis. Observational (OLS) association was tested 

in the same sample of 39,968 UK Biobank participants to keep consistency in the 

results. 

Genotyping is described in Section 2.1.4. 

 

3.2.2 Summary Statistics for GWAS for Refractive Error and for Birth Weight (published by 

research consortia) 

Summary statistics from a GWAS meta-analysis for refractive error was provided by 

the CREAM Consortium (238). The CREAM Consortium meta-analysis was 

performed in 44,192 individuals of European ancestry from 29 studies (Section 

2.3.2). Summary statistics from a GWAS meta-analysis for birth weight were 

obtained from the Early Growth Genetics (EGG) consortium, as described in 

Section 2.3.1. The EGG meta-analysis comprised of 18 studies in a total of 26,836 

European individuals; with 7 loci being found genome-wide significantly associated 

with birth weight. 

 

3.2.3 GWAS for Refractive Error and for Birth Weight in UK Biobank 

A genome wide association study for birth weight (Z-score) was performed in the 

162,039 UK Biobank participants described above (Figure 3.1). Birth weight data 

were standardized (Z-transformed) as follows: birth weight value minus mean birth 

weight)/ standard deviation of birth weight. Z-scores in that case are the birth weight 

values under the assumption of a normal distribution of the data. This Z-score 

standardisation allowed me to compare the UK Biobank birth weight data with the 

birth weight data from the EGG consortium (which were also Z-transformed). A total 

of 10.4 million SNP passed the quality control filters (INFO > 0.9, MAF ≥ 0.05, per-

marker missing rate < 0.015 and per-individual missing rate < 0.025; Section 2.1.4) 

and were tested for the association with birth weight, using BOLT-LMM software 

(Section 2.4.6). The same set of genetic markers was used to perform a GWAS for 

refractive error (mean spherical equivalent in Dioptres averaged between the two 

eyes) in 95,504 individuals (Figure 3.1). Both of the traits of interest were considered 
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as continuous traits and the infinitesimal linear mixed model was used in the 

analyses (269), with the adjustment for age, gender, genotyping array and the first 

10 ancestry principal components. BOLT-LMM allows the researcher to use related 

individuals in the analysis, accounting for population stratification and relatedness. A 

genetic relatedness matrix for the analysis was created as described in Section 

2.4.6. 

Two GWAS meta-analyses were performed. In the first, the summary statistics from 

the GWAS for refractive error in UK Biobank (n = 95,504) were meta-analysed with 

the summary statistics from the CREAM Consortium GWAS for refractive error (n = 

44,192). In the second, summary statistics from the GWAS for birth weight in UK 

Biobank (n = 162,039) were meta-analysed with summary statistics from the EGG 

consortium GWAS for birth weight (n = 26,836). Meta-analyses were performed 

using METAL software (275) as described in Section 2.4.4.  

 

3.2.4 Instrumental Variable Selection 

A total of 75 SNP were associated with birth weight at genome-wide significance 

level (p < 5 E-08) in a GWAS meta-analysis in a total sample of 188,875 UK 

Biobank and EGG individuals. Among them, two variants were not present in the 

CREAM consortium summary statistics, leaving 73 SNP. Polygenic risk scores 

(Section 2.4.8) can be used as an instrument in Mendelian randomisation analyses 

as they provide increased statistical power and avoid ‘weak instrument bias’ (338, 

339). These 73 SNP were combined into a polygenic risk score for use as an 

instrumental variable in Mendelian randomisation analysis. The PRS was calculated 

using PLINK 1.9 (‘--score’ command). 

In order to assess the variance in birth weight explained by the PRS, the increase in 

R2 was calculated for a regression of birth weight (Z-score) on the PRS plus age, 

gender, genotyping array, and the first 10 ancestry principal components compared 

to a regression of birth weight on age, gender, genotyping array, and the first 10 

ancestry principal components alone. Both models were fit in the sample of UK 

Biobank participants with both refractive error and birth weight data available (n = 

39,658).  
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3.2.5 Relationship Between Birth Weight and Refractive Error Assessed Using Linear 

Regression and Mendelian Randomisation Analyses  

A linear regression analysis was performed in order to estimate the (observational) 

association between birth weight and refractive error in the sample of unrelated UK 

Biobank individuals with information on both refractive error and birth weight (n = 

39,658).  

A 1-sample MR analysis was performed in the same sample of 39,658 participants 

using a Two-stage Least Squares (2SLS) model implemented in the AER R 

package. The PRS for birth weight was used as the instrumental variable. To test if 

the causal effect estimate was biased due to the PRS being a ‘weak instrument’ 

(340), the F-statistic from the first stage regression was taken. Statistical power was 

calculated using the mRnd online web tool for a type 1 error rate α = 0.05 

(https://shiny.cnsgenomics.com/mRnd/). 

A set of sensitivity analyses was carried out. Estimating a causal effect using a 1-

sample MR design with a PRS as a single instrumental variable leaves the potential 

for bias due to unbalanced pleiotropy. Therefore, weighted median and MR-Egger 

sensitivity analyses were performed with the 73 genetic variants associated with 

birth weight used individually as instrumental variables.  

Partial overlap between the EGG and CREAM consortia samples may have 

introduced the risk of bias (259, 341). Hence, as an additional sensitivity analysis, 

the 2-sample MR analysis was repeated but using GWAS regression (beta) 

coefficients and standard errors for the second stage (association with refractive 

error) obtained solely from the GWAS for refractive error in UK Biobank participants, 

i.e. excluding the results from the CREAM consortium. 

 

3.3 Results 

 

3.3.1 GWAS Results 

A GWAS for self-reported birth weight was performed in 162,309 adult UK Biobank 

participants. This identified 2,087 single nucleotide polymorphisms attaining the 

genome-wide significance threshold of p < 5.0e-08. After excluding variants within 

±500 kb from the lead SNP in each region, or those having a pairwise LD of r² > 0.2 

https://shiny.cnsgenomics.com/mRnd/
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with the lead variant, there were 63 SNP independently associated with birth weight  

(Table 3.1).   

A total of 75 SNP associated with birth weight was identified in the meta-analysis of 

the UK Biobank and EGG consortium GWAS summary statistics. Genetic variants 

rs1530624 and rs1058026 were not present in the CREAM consortium summary 

statistics data and were excluded from the downstream analysis (Table 3.2).  

 

3.3.2 Observational Analysis 

In the sample of UK Biobank participants (n = 39,658) with information about both 

refractive error and birth weight, those with a lower birth weight were more myopic 

and those with a higher birth weight were less myopic, on average. Linear 

regression quantified the relationship as a +0.04D (95% CI 0.02 to 0.07, p = 0.002) 

shift in refractive error per 1 SD increase in birth weight. Note that the above 

regression model was adjusted for age and gender. 

 

3.3.3 Mendelian Randomisation Analyses 

A 1-sample Mendelian randomisation analysis was used to estimate the causal 

effect of birth weight on refractive error in the above sample (n = 39,658) of UK 

Biobank individuals. A PRS for birth weight was used as an instrumental variable in 

the analysis. The PRS explained 1.2% (p < 2.2E-16) of the variance in birth weight 

in this sample. The 1-sample MR analysis suggested that a 1 SD increase in birth 

weight resulted in a refractive error that was +0.28 D (95% CI 0.05 to 0.52, p = 0.02) 

more hyperopic. With a sample size of 39,658 individuals, there was 62% power to 

detect the estimated effect of +0.28 D/SD. The current study had 80% power to 

detect an effect of birth weight on refractive error ≥ +0.35 D/SD (Figure 3.2). Note 

that the power calculation was performed given the observational association of 

+0.04 D/SD and under the assumption that +0.28 D/SD is the correct estimation of 

the causal effect 

The 73 genetic variants robustly associated with birthweight were also used 

individually as instrumental variables in 2-sample MR sensitivity analyses. MR-

Egger and weighted median methods designed to provide a valid estimate even in 

case of directional pleiotropy and pleiotropy of a proportion of the variants, 
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respectively, were performed. In the IVW analysis, the causal effect was estimated 

as 0.15 D/SD (95% CI 0.00 to 0.30, p = 0.044). The MR-Egger intercept was not 

statistically significantly different from zero, suggesting no evidence of directional 

genetic pleiotropy (). The MR-Egger causal effect estimate was +0.18 D/SD (95% 

CI -0.41 to 0.78, p = 0.54). The weighted median MR estimated the causal effect to 

be +0.18 D/SD (95% CI 0.02 to 0.35, p = 0.03). The estimates obtained by all the 

methods were consistent in terms of direction and themagnitude ( 

MR method 
Effect size 

(D/SD) 95% CI  p 

Simple median 0.15 -0.02 0.31 0.076 

Weighted median 0.18 0.02 0.35 0.029 

Penalized weighted median 0.20 0.03 0.36 0.020 

     
IVW 0.15 0.00 0.30 0.044 

Penalized IVW 0.21 0.08 0.33 0.002 

Robust IVW 0.17 0.02 0.32 0.025 

Penalized robust IVW 0.21 0.07 0.34 0.002 

     
MR-Egger 0.18 -0.41 0.78 0.545 

(intercept) 0.00 -0.02 0.01 0.918 

Table 3.3), supporting the hypothesis of a causal effect of birth weight on refractive 

error. 
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Figure 3.2 Power calculation for 1-sample  Mendelian randomisation in 39,658 UK Biobank 

participants. The dotted line indicates 62% power for the estimated effect size of +0.28D/SD, 

the dashed line indicates 80% power. 
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Variant Chromosome  Position 
Effect 
Allele 

Reference 
Allele EAF Effect size SE P-value Nearest Gene 

rs13322435 3 156795468 A G 0.60 0.046 0.004 8.90E-38 CCNL1-LEKR1 

rs7306710 12 66376091 T C 0.48 0.040 0.004 5.50E-30 HMGA2 

rs11889583 2 46484882 C T 0.30 -0.036 0.004 8.50E-21 LOC101926974 

rs4144829 4 17903654 C T 0.26 0.036 0.004 2.90E-20 LCORL 

rs10440833 6 20688121 T A 0.74 0.036 0.004 2.10E-19 CDKAL1 

rs11719201 3 123068744 C T 0.75 -0.034 0.004 1.60E-17 ADCY5 

rs12507427 4 145567471 T A 0.57 -0.029 0.004 9.60E-17 HHIP 

rs145965565 9 98273305 T G 0.91 -0.046 0.006 6.70E-15 PTCH1 

rs4766578 12 111904371 T A 0.49 -0.027 0.003 8.70E-15 ATXN2 

rs11187141 10 94467145 A T 0.62 -0.027 0.004 1.40E-13 HHEX 

rs3213221 11 2157044 C G 0.37 0.026 0.004 3.90E-13 IGF-INS-IGF2 

rs11698914 20 31327144 C G 0.23 0.030 0.004 1.50E-12 COMM7 

rs60839038 18 20711927 A C 0.53 -0.025 0.004 2.40E-12 CABLES1 

rs7772579 6 152042502 A C 0.72 0.027 0.004 3.40E-12 ESR1 

rs45560031 7 44149457 G C 0.94 0.053 0.008 3.40E-12 AEBP1 

rs7031933 9 125791823 C G 0.88 -0.037 0.005 3.70E-12 RABGAP1 

rs8034564 15 99190601 G A 0.42 0.024 0.004 7.30E-12 IGF1R 

rs7080472 10 96012950 G T 0.58 -0.024 0.004 1.30E-11 PLC1 

rs6533183 4 106133184 C T 0.34 0.025 0.004 1.80E-11 TET2 

rs1012167 20 39159119 T C 0.59 -0.024 0.004 2.60E-11 MAFB 

rs72656010 8 57122215 T C 0.87 0.034 0.005 4.30E-11 PLAG1 

rs446994 17 7116853 C A 0.42 -0.023 0.004 4.50E-11 DLG4 

rs2934844 6 166142456 A T 0.33 -0.024 0.004 6.80E-11 PDE10A 

rs1870940 1 154984363 G A 0.73 -0.025 0.004 1.50E-10 ZBTB7B 

rs2780226 6 34199092 C T 0.09 0.039 0.006 1.80E-10 HMCA1 

rs1801253 10 115805056 G C 0.26 -0.025 0.004 2.10E-10 ADRB1 

rs55958435 15 96852638 A G 0.75 0.026 0.004 2.10E-10 NR2F2-AS1 

rs854037 5 57091783 A G 0.81 0.028 0.004 2.90E-10 LOC101928539 
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rs116794974 4 135009470 G C 0.98 -0.089 0.014 5.00E-10 PABPC4L 

rs10823318 10 70979924 A T 0.31 -0.023 0.004 5.50E-10 
HKDC1 - 
LOC101928994 

rs73354194 17 79905947 T C 0.98 -0.071 0.012 7.10E-10 MYADML2 

rs2779165 19 4915447 G C 0.19 0.028 0.005 8.60E-10 UHRF1 

rs11853312 15 38626475 A C 0.88 -0.033 0.006 1.20E-09 SPRED1 

rs13032333 2 9620701 T A 0.69 -0.023 0.004 2.00E-09 IAH1 

rs11066188 12 112610714 G A 0.59 0.021 0.004 2.50E-09 HECTD4 

rs13397722 2 160515651 G A 0.63 0.021 0.004 2.70E-09 BAZ2B 

rs2901307 10 124128443 C T 0.53 -0.021 0.003 3.60E-09 PLEKHA1 

rs77994518 1 119288847 G A 0.87 -0.031 0.005 4.60E-09 LOC100421281 

rs13266210 8 41533514 A G 0.79 0.025 0.004 4.80E-09 ANK1 

rs13235314 7 23609295 C T 0.64 0.021 0.004 5.30E-09 LOC442517 

rs28378473 9 139245460 T C 0.27 0.023 0.004 5.70E-09 GPSM1 

rs1547550 2 191845725 C G 0.65 -0.021 0.004 7.60E-09 STAT1 

rs12213664 6 109353413 T C 0.88 -0.031 0.005 8.30E-09 SESN1 

rs1051412 20 10654563 A C 0.51 -0.020 0.004 9.00E-09 JAG1 

rs6062527 20 62413838 G C 0.76 -0.024 0.004 9.20E-09 ZBTB46 

rs6930558 6 141878920 G T 0.25 -0.023 0.004 1.20E-08 RPS3AP23 

rs4681464 3 148623443 C T 0.39 0.020 0.004 1.30E-08 CPA3 

rs7090337 10 104775483 G A 0.59 0.020 0.004 1.50E-08 CNNM2 

rs1057412 6 31321752 T G 0.89 0.032 0.006 1.60E-08 HLA-B 

rs138056307 10 96573948 A T 0.96 -0.048 0.009 1.80E-08 CYP2C19 

rs62496903 8 6446938 C T 0.91 -0.035 0.006 2.00E-08 MCPH1 

rs11242219 5 133848760 A G 0.42 -0.020 0.004 2.10E-08 LOC101927934 

rs10269069 7 47276495 A G 0.91 -0.034 0.006 2.10E-08 TNS3 

rs6931945 6 35525751 G A 0.63 -0.020 0.004 2.20E-08 LOC101929309 

rs9526475 13 48964748 T C 0.27 0.022 0.004 2.40E-08 RB1 

rs113934718 17 29214880 C A 0.73 0.022 0.004 2.90E-08 ATAD5 

rs751543 9 119122342 C T 0.29 -0.021 0.004 3.70E-08 PAPPA 
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rs11539637 15 91428290 C T 0.47 -0.019 0.003 4.00E-08 FES 

rs2344500 12 26876620 G A 0.51 0.019 0.003 4.10E-08 ITPR2 

rs76895963 12 4384844 T G 0.98 -0.073 0.013 4.10E-08 CCND2 

rs9647618 6 37099123 A G 0.78 0.023 0.004 4.30E-08 PIM1 

rs4350272 10 25056118 A G 0.27 0.021 0.004 4.40E-08 LOC105376456 

rs1649328 2 109392777 C G 0.76 -0.022 0.004 4.50E-08 RANBP2 

Table 3.1 Lead genetic variants associated with birth weight in a GWAS in 162,309 UK Biobank individuals. EAF, Effect Allele frequency; SE, standard error; 

variants within ±500kb from the variants listed and with pairwise LD r2 > 0.8 are not included. 

            UK Biobank EGG Consortium 
UK Biobank + EGG 

Consortium 

Variant Chromosome  Position 
Effect 
Allele 

Other 
Allele EAF 

Effect 
size SE P-value 

Effect 
size SE P-value 

Effect 
size SE P-value 

rs905938 1 154991389 T C 0.26 -0.025 0.004 2.70E-10 -0.035 0.010 2.30E-04 -0.026 0.004 5.00E-13 

rs12039075 1 119285701 A G 0.13 -0.030 0.005 8.30E-09 -0.034 0.012 4.20E-03 -0.031 0.005 1.42E-10 

rs1244983 1 215031614 A G 0.48 -0.019 0.003 5.40E-08 0.027 0.009 2.00E-03 0.020 0.003 4.97E-10 

rs17413015 1 161644811 T C 0.18 -0.020 0.005 7.70E-06 0.044 0.011 9.90E-05 0.024 0.004 1.56E-08 

rs12404679 1 43458458 T C 0.14 0.025 0.005 9.10E-07 -0.032 0.013 1.30E-02 -0.026 0.005 4.47E-08 

rs1547550 2 191845725 C G 0.36 -0.021 0.004 7.60E-09 -0.028 0.010 4.20E-03 -0.022 0.004 1.30E-10 

rs13032333 2 9620701 A T 0.30 -0.023 0.004 2.00E-09 0.017 0.009 5.40E-02 0.022 0.004 3.66E-10 

rs4665083 2 160430127 A G 0.38 0.021 0.004 7.10E-09 0.032 0.018 8.70E-02 0.021 0.004 1.71E-09 

rs754868 2 43185532 A G 0.43 -0.018 0.004 2.70E-07 -0.021 0.008 1.30E-02 -0.019 0.003 1.05E-08 

rs1724184 2 109408776 T C 0.25 -0.022 0.004 4.70E-08 -0.014 0.010 1.60E-01 -0.021 0.004 2.27E-08 

rs6713865 2 23899807 A G 0.18 0.023 0.004 4.40E-07 0.026 0.011 1.90E-02 0.023 0.004 2.56E-08 

rs13322435 3 156795468 A G 0.41 0.046 0.004 8.90E-38 0.080 0.009 5.10E-18 0.050 0.003 1.18E-51 

rs11708067 3 123065778 A G 0.24 -0.034 0.004 1.80E-17 -0.059 0.010 6.20E-09 -0.038 0.004 5.71E-24 

rs7647448 3 148623774 T C 0.40 0.020 0.004 1.30E-08 -0.026 0.008 1.90E-03 -0.021 0.003 1.05E-10 

rs2306700 3 142123841 T C 0.13 -0.026 0.005 3.60E-07 0.030 0.012 1.40E-02 0.027 0.005 1.52E-08 

rs2061456 4 17998426 A C 0.25 -0.036 0.004 6.60E-20 0.045 0.009 1.10E-06 0.038 0.004 4.31E-25 
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rs17776795 4 145544836 A G 0.42 -0.029 0.004 1.30E-16 -0.027 0.008 1.00E-03 -0.029 0.003 6.41E-19 

rs7674220 4 106148758 C G 0.36 0.025 0.004 1.90E-11 -0.033 0.009 1.20E-04 -0.026 0.003 1.33E-14 

rs854037 5 57091783 A G 0.20 0.028 0.004 2.90E-10 0.041 0.011 8.70E-05 0.030 0.004 4.45E-13 

rs3756668 5 67596088 A G 0.47 0.019 0.003 5.90E-08 -0.032 0.008 1.30E-04 -0.021 0.003 8.47E-11 

rs11242219 5 133848760 A G 0.41 -0.020 0.004 2.10E-08 -0.027 0.008 1.20E-03 -0.021 0.003 1.43E-10 

rs2946164 5 157884706 T C 0.27 -0.020 0.004 2.70E-07 0.030 0.010 1.80E-03 0.022 0.004 2.76E-09 

rs10440833 6 20688121 A T 0.26 0.036 0.004 2.10E-19 -0.048 0.009 1.30E-07 -0.038 0.004 2.68E-25 

rs7772579 6 152042502 A C 0.28 0.027 0.004 3.40E-12 0.034 0.009 2.00E-04 0.028 0.004 3.63E-15 

rs2780226 6 34199092 T C 0.10 0.039 0.006 1.80E-10 -0.040 0.016 1.10E-02 -0.039 0.006 7.30E-12 

rs1202309 6 19919986 A G 0.30 0.020 0.004 1.30E-07 -0.036 0.009 6.00E-05 -0.023 0.004 1.32E-10 

rs1472267 6 166185025 A G 0.38 0.020 0.004 2.40E-08 0.027 0.009 2.30E-03 0.021 0.003 2.28E-10 

rs12197912 6 109338147 T C 0.12 -0.030 0.005 2.10E-08 0.034 0.012 5.80E-03 0.030 0.005 3.64E-10 

rs2064317 6 35477032 A G 0.39 -0.020 0.004 3.80E-08 -0.021 0.009 1.20E-02 -0.020 0.003 1.68E-09 

rs9390019 6 143033056 T C 0.22 0.023 0.004 5.40E-08 0.026 0.011 1.50E-02 0.023 0.004 3.16E-09 

rs6930558 6 141878920 T G 0.25 -0.023 0.004 1.20E-08 0.016 0.010 9.20E-02 0.022 0.004 3.67E-09 

rs12534093 7 23502974 A T 0.24 0.023 0.004 1.70E-08 -0.031 0.010 1.90E-03 -0.024 0.004 1.67E-10 

rs11972595 7 72876445 T C 0.07 -0.034 0.007 2.30E-07 0.055 0.017 1.20E-03 0.037 0.006 2.05E-09 

rs798548 7 2760935 T C 0.29 0.019 0.004 5.80E-07 0.030 0.009 6.80E-04 0.021 0.004 3.29E-09 

rs2301680 7 93116299 A G 0.50 -0.016 0.003 5.30E-06 -0.035 0.008 2.20E-05 -0.019 0.003 4.70E-09 

rs10265057 7 47275737 A G 0.10 -0.034 0.006 2.30E-08 -0.021 0.015 1.70E-01 -0.032 0.006 1.18E-08 

rs2075067 7 44263028 A C 0.13 0.025 0.005 2.30E-06 -0.040 0.013 2.00E-03 -0.027 0.005 3.10E-08 

rs13266210 8 41533514 A G 0.21 0.025 0.004 4.80E-09 0.017 0.010 8.30E-02 0.024 0.004 1.43E-09 

rs12543725 8 142247979 A G 0.41 0.018 0.004 2.20E-07 -0.027 0.008 1.50E-03 -0.020 0.003 1.71E-09 

rs2197131 8 106639923 T G 0.21 -0.022 0.004 2.90E-07 -0.031 0.010 1.70E-03 -0.023 0.004 2.48E-09 

rs8180991 8 126500350 C G 0.24 0.019 0.004 7.10E-06 0.039 0.010 6.40E-05 0.022 0.004 1.15E-08 

rs6984782 8 57135889 T C 0.14 0.031 0.005 2.40E-09 0.003 0.013 8.40E-01 0.027 0.005 1.91E-08 

rs7819593 8 106115172 T C 0.25 -0.021 0.004 5.40E-07 -0.021 0.009 2.20E-02 -0.021 0.004 3.68E-08 

rs10512249 9 98256309 A G 0.09 -0.046 0.006 1.30E-14 0.031 0.014 2.80E-02 0.044 0.006 1.77E-15 

rs587364 9 125760863 T C 0.16 0.034 0.005 1.10E-11 0.025 0.013 6.50E-02 0.033 0.005 2.02E-12 

rs751543 9 119122342 T C 0.29 -0.021 0.004 3.70E-08 0.022 0.010 2.80E-02 0.021 0.004 3.12E-09 
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rs2418135 9 113901309 A G 0.48 -0.017 0.003 1.10E-06 0.025 0.008 2.10E-03 0.018 0.003 1.44E-08 

rs3933326 9 123633948 A G 0.32 -0.019 0.004 8.10E-07 -0.024 0.009 6.70E-03 -0.020 0.004 2.03E-08 

rs11187144 10 94469980 T C 0.39 -0.026 0.004 2.60E-13 -0.025 0.008 3.40E-03 -0.026 0.003 2.92E-15 

rs1801253 10 115805056 C G 0.27 -0.025 0.004 2.10E-10 0.045 0.010 2.50E-06 0.028 0.004 1.84E-14 

rs2274224 10 96039597 C G 0.44 -0.023 0.004 2.80E-11 0.022 0.008 7.50E-03 0.023 0.003 7.83E-13 

rs9645500 10 70986723 T G 0.32 -0.023 0.004 1.20E-09 -0.035 0.009 1.10E-04 -0.025 0.004 1.01E-12 

rs6585827 10 124165615 A G 0.47 -0.020 0.003 1.20E-08 0.014 0.008 9.20E-02 0.019 0.003 3.30E-09 

rs1163238 10 104943993 A G 0.39 0.020 0.004 2.70E-08 -0.014 0.009 1.10E-01 -0.019 0.003 8.17E-09 

rs3213225 11 2156536 A G 0.39 0.026 0.004 7.10E-13 -0.032 0.023 1.70E-01 -0.026 0.004 2.76E-13 

rs2923093 11 10360934 A T 0.40 0.018 0.004 4.00E-07 0.021 0.009 1.70E-02 0.018 0.003 1.96E-08 

rs5030317 11 32410337 C G 0.29 0.020 0.004 5.50E-07 0.020 0.009 3.10E-02 0.020 0.004 4.75E-08 

rs7968682 12 66371880 T G 0.47 0.039 0.003 2.40E-29 -0.049 0.008 2.40E-09 -0.041 0.003 6.80E-37 

rs4766578 12 111904371 A T 0.48 -0.027 0.003 8.70E-15 0.013 0.008 1.10E-01 0.025 0.003 8.47E-15 

rs2306547 12 26877885 T C 0.45 0.019 0.003 5.30E-08 -0.019 0.008 2.30E-02 -0.019 0.003 3.37E-09 

rs9535006 13 48849803 A G 0.25 -0.022 0.004 3.20E-08 -0.017 0.009 6.80E-02 -0.021 0.004 6.78E-09 

rs7173576 15 96841524 T C 0.26 0.025 0.004 4.30E-10 -0.029 0.009 2.00E-03 -0.025 0.004 3.26E-12 

rs11853312 15 38626475 A C 0.11 -0.033 0.006 1.20E-09 -0.017 0.013 2.00E-01 -0.031 0.005 9.71E-10 

rs4965425 15 99181663 T C 0.47 0.019 0.004 3.20E-08 -0.017 0.008 4.20E-02 -0.019 0.003 3.68E-09 

rs11539637 15 91428290 T C 0.47 -0.019 0.003 4.00E-08 0.028 0.024 2.30E-01 0.019 0.003 2.14E-08 

rs222852 17 7140606 A G 0.44 0.023 0.004 9.90E-11 0.036 0.008 1.70E-05 0.025 0.003 2.55E-14 

rs11082304 18 20720973 T G 0.49 -0.024 0.003 1.10E-11 0.001 0.008 9.60E-01 0.020 0.003 2.98E-10 

rs2779165 19 4915447 C G 0.18 0.028 0.005 8.60E-10 -0.025 0.012 3.50E-02 -0.027 0.004 9.55E-11 

rs255774 19 54723355 A G 0.46 0.019 0.004 6.40E-08 0.016 0.009 7.30E-02 0.019 0.003 1.32E-08 

rs1129156 19 40719076 T C 0.26 0.021 0.004 9.90E-08 0.015 0.009 9.20E-02 0.020 0.004 3.03E-08 

rs6016373 20 39154095 A G 0.41 -0.024 0.004 4.40E-11 -0.036 0.008 1.60E-05 -0.026 0.003 9.48E-15 

rs2064933 20 31314625 A G 0.24 0.029 0.004 3.20E-12 0.020 0.009 3.40E-02 0.027 0.004 4.66E-13 

rs6062541 20 62449320 T C 0.23 -0.023 0.004 3.10E-08 0.034 0.010 7.40E-04 0.024 0.004 1.47E-10 

Table 3.2 The 73 SNP used for constructing the PRS for birth weight and their association with the trait in UK Biobank, EGG and the combined sample. EAF, 

Effect Allele frequency; SE, standard error
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Figure 3.3 IVW and MR-Egger scatter plot. The solid blue line corresponds to the IVW 

estimate; the dashed red line corresponds to MR-Egger estimate. Error bars correspond to 

95% confidence intervals. 
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MR method 
Effect size 

(D/SD) 95% CI  p 

Simple median 0.15 -0.02 0.31 0.076 

Weighted median 0.18 0.02 0.35 0.029 

Penalized weighted median 0.20 0.03 0.36 0.020 

     
IVW 0.15 0.00 0.30 0.044 

Penalized IVW 0.21 0.08 0.33 0.002 

Robust IVW 0.17 0.02 0.32 0.025 

Penalized robust IVW 0.21 0.07 0.34 0.002 

     
MR-Egger 0.18 -0.41 0.78 0.545 

(intercept) 0.00 -0.02 0.01 0.918 

Table 3.3 Causal effect of birth weight on refractive error. Stage 1 summary statistics were 

taken from a meta-analysis of UK Biobank and EGG Consortium GWAS for birth weight (n = 

188,039). Stage 2 summary statistics were taken from a meta-analysis of UK BIOBANK and 

the CREAM GWAS for refractive error (n = 139,884). IVW, inverse-variance weighted. 

The maximum sample overlap in the 2-sample MR analysis was estimated as 

11,685 participants, corresponding to 8% of the sample used in the second stage of 

the analysis. A sensitivity MR analysis was performed using only data from UK 

Biobank participants in stage 2, which reduced the maximum possible overlap to 

6,038 participants (6% of the second stage sample). The results of this additional 

sensitivity analysis (Table 3.4) were consistent with the result from the MR analysis 

performed in the full sample. 

MR method 
Effect size 

(D/SD) 95% CI  p 

Simple median 0.28 0.08 0.48 0.007 

Weighted median 0.31 0.11 0.51 0.002 

Penalized weighted median 0.41 0.21 0.61 0.000 

     

IVW 0.21 0.02 0.40 0.035 

Penalized IVW 0.27 0.12 0.42 0.000 

Robust IVW 0.24 0.04 0.44 0.018 

Penalized robust IVW 0.28 0.12 0.45 0.001 

     

MR-Egger 0.38 -0.39 1.15 0.332 

(intercept) 0.00 -0.02 0.01 0.649 

Table 3.4 Causal effect of birth weight on refractive error. Stage 1 summary statistics were 

taken from a meta-analysis of UK Biobank and EGG Consortium GWAS for birth weight (n = 

188,039). Stage 2 summary statistics were taken from a UK Biobank GWAS for refractive 

error (n = 95,504). IVW, inverse-variance weighted.  
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3.4 Discussion 

The Mendelian randomisation study undertaken here is the first study, to date, to 

assess the causality of the relationship between birth weight and refractive error. 

The estimated effect of birth weight within the normal range of 2.5-4.5 kg on 

refractive error was +0.28 D per 1 SD increase in birth weight. Observational 

analysis estimated the effect size of +0.04 D/SD. The lower value of the linear 

regression estimate in comparison with the MR estimate (Durbin-Wu-Hausman 

endogeneity p = 0.04) suggests the presence of bias affecting the observational 

estimate. Typically, the reason for such bias is confounding. As regards the current 

study, likely confounders of the refractive error - birth weight relationship include the 

following. First, maternal age and birth weight have been found to be associated in 

5 population-based cohorts, with an inverted U-shape relationship between the 

phenotypes (342). Association of maternal age with more negative refractive error of 

a child was reported by Lin et al. (343). Therefore, it is possible that the effect of 

birthweight on refractive error is mediated by maternal age. Second, parity (birth 

order) is associated both with birth weight (344) and refractive error (345). The latter 

study reported a higher risk of being myopic in first-born children. The first-born 

children were reported to have a higher educational exposure and given the 

established causal relationship between education and myopia it could be a source 

of a bias in the observational analysis. Third, a higher maternal educational level is 

associated with a lower risk of preterm birth (346) and low birth weight in new-borns 

(347). In addition, maternal education was found to be associated with refractive 

error in children (348). Maternal educational level is likely to be associated with the 

reproductive age and higher socioeconomic status, confounding the association of 

birth weight and refractive error. Maternal weight affects fetal growth. An increased 

number of fetal macrosomia (newborns with birth weight > 4,500 g) have been 

reported in obese women (349). A strong positive association between the before-

pregnancy maternal BMI and child’s weight for age (0.07, 95% CI 0.04 to 0.09) and 

length for weight (0.06, 95% CI 0.04 to 0.08) has been reported in a cohort study 

conducted in China; the magnitude of the association was consistent at infants’ age 

from 3 to 24 months (350). There is evidence of an association of fetal macrosomia 

with various adverse health effects for newborns; e.g. diabetes, obesity, 

cardiovascular diseases (351-354). 

Mendelian randomisation analysis used in the current study is a powerful method to 

infer the causal effect of a risk factor on an outcome (355). Here, large samples 
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from Consortia GWAS datasets and UK Biobank data were analysed in order 

estimate the causal effect.  

Sensitivity analyses carried out in the current study suggested an absence of 

directional pleiotropy and yielded estimates consistent in terms of direction and 

magnitude, supporting the hypothesis of birth weight being a causal risk factor for 

refractive error development. 

Although the results of MR-Egger and weighted median tests indicated no evidence 

for unbalanced pleiotropy, it is still not possible to exclude the risk that many of the 

73 genetic variants used to create the PRS suffer from horizontal pleiotropy, due to 

the absence of knowledge of how the variants impact birth weight. 

One of the limitations of the current study is the fact that it was performed in UK 

Biobank individuals of European ethnicity. The rates of myopia differ across different 

ethnicities, which may lead to differing magnitudes of effect of birth weight on 

refractive error in other ancestry groups. Hence, it would be of interest in the future 

to conduct an MR study for individuals living in an East or South-East Asian country 

with a high prevalence of myopia. 

Next, the UK Biobank does not fully represent the UK population; however, the 

results of analysis carried out in this sample have external validity and can be 

generalised (234). 

Birth weight was ascertained by self-report in UK Biobank. This would have reduced 

the precision of our instrumental variables for birth weight; however, there was 

evidence that the large sample size of UK Biobank compensated for the inaccuracy 

inherent in self-reported birth weight, since the PRS was predictive of birth weight in 

an independent cohort (r² = 1.2%, p < 2.2e-16). 

The PRS for birth weight explained only 1.2% of the variance in birth weight. Yet, 

the PRS was robustly associated with birth weight (F-statistic = 496.74 for the first 

stage of the 1-sample MR), which suggested that the PRS was unlikely to give rise 

to ‘weak instrument’ bias. However, given the sample size of 39,658, this study had 

limited power to detect a causal effect less than +0.35 D/SD, suggesting the 

estimated effect of +0.28 D/SD could be imprecise. 

This study supported the hypothesis of a causal role of birth weight on refractive 

error development. A genetic predisposition to a higher birth weight was associated 
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with a more hyperopic refraction, and vice versa, although the magnitude of the 

effect was small (the 95% CI was +0.05 to +0.52 D per SD increase in birth weight). 

The limited sample size for this analysis meant that the causal effect size could not 

be estimated with a high degree of precision.  
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4 Chapter 4. Genome-wide Association Study for Strabismus  

 

4.1 Introduction 

Strabismus is a common condition characterized by constant or intermittent 

abnormal alignment of the eyes that leads to loss of binocular vision (Chapter 1.3). 

Strabismus is often associated with amblyopia in the deviated eye and can therefore 

be associated with childhood-onset visual impairment (163).   

Various environmental risk factors, including prematurity, maternal smoking, ill-

health during pregnancy, hyperopia and anisometropia increase the risk of 

strabismus (167, 168, 356).  Numerous studies have been conducted to understand 

the genetics of strabismus (186-188). A complex inheritance pattern was described 

in several studies (191-193). However, the hypothesis that there are rare 

monogenic forms of strabismus was also supported, e.g. a locus at 7p22.1 was 

found in linkage analysis of families with multiple members affected by strabismus. 

In certain rare syndromes, such as Mietens-Weber Syndrome and Lamb-Shaffer 

Syndrome, strabismus is one of the clinical features, alongside intellectual disability. 

In the only previous genome-wide association study for non-syndromic strabismus, 

Shaaban et al. (196) identified a single variant (rs2244352,; OR = 1.33, p = 9.58E-

11) that was significantly associated with the condition. 

Here, the hypothesis that specific, commonly-occurring polymorphisms subtly 

increase the risk of non-syndromic strabismus, was tested by carrying out a 

genome-wide association study (GWAS) for strabismus. avMSE (Section 2.1.2) was 

included as a covariate in the analysis in order to avoid identification of genetic 

variants associated with hyperopia which could lie on a causal pathway to 

strabismus: genetic variant → hyperopia → strabismus. The current study had the 

advantage of a larger sample size than the previously reported GWAS for 

strabismus by Shaaban et al. (196). 
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4.2 Methods 

 

4.2.1 Selection of Participants 

The GWAS for strabismus and subsequent analyses in the current study were 

restricted to unrelated UK Biobank participants of White British genetic ancestry 

defined by Bycroft et al. (245). Those withdrawing consent were excluded from the 

analyses, resulting in 338,253 participants; among them 79,727 individuals 

answered the questionnaire item ‘Reason for glasses/contact lenses’. A total of 

75,911 individuals had valid avMSE data. After excluding those with medical 

records or self-reported eye trauma or ocular surgery  (n = 9,217), the final sample 

comprised of 66,694 UK Biobank individuals (Figure 4.1). 

 

4.2.2 Genome-wide Association Study for Strabismus 

A GWAS for the 1,345 cases and 65,349 controls was carried out in the discovery 

sample. A total of 7,469,170 imputed genetic variants in the Haplotype Reference 

Consortium (HRC) (244) reference panel were tested for association with 

strabismus using Firth logistic regression (--glm-firth command in PLINK 2.0) 

(Section 2.4.1).  For the analysis, only SNP with MAF ≥ 1%, INFO > 0.8, missing 

genotype rate < 1.5%, and HWE p value > 1.0E-06 were used. Participants with a 

missing genotyping rate > 2.5% were excluded from the study. Age, gender, 

avMSE, genotyping array, and the first 10 ancestry principal components were 

included as covariates in the analysis. 
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Figure 4.1 Selection of participants for GWAS for strabismus 

 

4.2.3 Post-GWAS Analyses 

To search for additional independent signals a conditional analysis (Section 2.4.9) 

evaluating genetic variants in the region ±250kb from the lead variant was 

performed using PLINK, followed by visualisation with the LocusZoom online tool 

(309) (http://locuszoom.org/). 

http://locuszoom.org/
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Fine-mapping (Section 2.4.9) was performed using FINEMAP v1.3 (319). This 

analysis included only SNP present on the HRC reference panel within ±250kb of 

the lead variant or variants in LD (r2 > 0.1) with the lead variant. A ‘causal 

configuration’ with up to 5 SNP being causal in the region was considered. Prior 

probability of having from 1 to 5 causal genetic variants was defined within the 

range 0.583 to 0.005. Prior probabilities were calculated following the approach 

proposed by Benner et al. (319) and were normalized to sum to one.  

𝑝𝑘 = Pr(# 𝑜𝑓 𝑐𝑎𝑢𝑠𝑎𝑙 𝑆𝑁𝑃 = 𝑘) 𝑓𝑜𝑟 𝑘 = 1, … , 𝐾 

Equation 4.1 Prior probability for the causal configuration of K SNP. Adapted from 

http://www.christianbenner.com/#input 

In order to identify expression quantitative trait loci (eQTL) for genes at the region 

regulated by the lead variant, the Genotype-Tissue Expression consortium (GTEx) 

Portal was used (357) and all of the 53 tissue sample analyses were examined 

(GTEx portal was accessed on 09/18/2018). The Ensembl project website was used 

to assess the CADD scores for the genetic variant strongly associated with 

strabismus. 

 

4.2.4 Mode of Inheritance and Population Attributable Risk 

The GWAS for strabismus results were analysed to identify the most parsimonious 

genetic model of inheritance. A dominant model was defined as a model with the 

same risk of strabismus in those carrying one copy of the risk allele as in 

participants homozygous for the risk allele. The recessive model assumed that the 

risk of strabismus was higher only in participants carrying two copies of risk allele. 

For the additive model, the risk of strabismus in risk-allele homozygotes was 

assumed to be twice that (on a log scale) in heterozygotes. Binary dummy variables 

for all models (additive, dominant, or recessive) as presented in  

Genotype Dominant Additive Recessive dum_rec dum_dom dum_add  

AA 0 0 0 0 0 0       

AB 1 1 0 0 1 1 

BB 1 2 1 1 1 0 

Table 4.1.  

 

Genotype Dominant Additive Recessive dum_rec dum_dom dum_add  

http://www.christianbenner.com/#input
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AA 0 0 0 0 0 0       

AB 1 1 0 0 1 1 

BB 1 2 1 1 1 0 

Table 4.1 Definition of binary dummy variables for dominant, additive, or recessive models. 

The B allele is the risk allele. 

These were then used to form a series of nested models (Equation 4.2, Equation 4.3). 

Models were fitted using either standard logistic regression (glm function in R) or 

Firth regression (brglm function from the brlrmr R package). The fit of additive vs. 

recessive or additive vs. dominant models were compared using a likelihood ratio 

test (358). 

𝑆𝑡𝑟𝑎𝑏𝑖𝑠𝑚𝑢𝑠 ~ 𝑑𝑢𝑚_𝑟𝑒𝑐 + 𝑐𝑜𝑣 

𝑆𝑡𝑟𝑎𝑏𝑖𝑠𝑚𝑢𝑠 ~ 𝑑𝑢𝑚_𝑟𝑒𝑐 + 𝑑𝑢𝑚_𝑎𝑑𝑑  + 𝑐𝑜𝑣 

Equation 4.2 Nested statistical models to test the mode of inheritance. Recessive vs. 

additive model, cov = set of covariates used in GWAS for strabismus. 

 

𝑆𝑡𝑟𝑎𝑏𝑖𝑠𝑚𝑢𝑠 ~ 𝑑𝑢𝑚_𝑑𝑜𝑚 + 𝑐𝑜𝑣 

𝑆𝑡𝑟𝑎𝑏𝑖𝑠𝑚𝑢𝑠 ~ 𝑑𝑢𝑚_𝑑𝑜𝑚 + 𝑑𝑢𝑚_𝑎𝑑𝑑  + 𝑐𝑜𝑣 

Equation 4.3 Nested statistical models to test the mode of inheritance. Dominant vs. additive 

model, cov = set of covariates used in GWAS for strabismus. 

Given the low prevalence of strabismus of 2-4%, the odds ratio (OR) was used as a 

proxy for the relative risk. Therefore, the population attributable risk (PAR) was 

estimated using the formula (359): PAR = p (OR – 1) / [p (OR – 1)] + 1, where p is 

the proportion of controls with the risk genotype. The IMPUTE2 INFO score (Section 

2.1.3) for the lead GWAS variants (rs75078292) was 0.999, suggesting that there 

was no loss in accuracy by using ‘hard’ genotype calls in the above models rather 

than dosage accounting for genotype uncertainty. 

 

4.2.5 Replication in an Independent Paediatric Sample 

Replication was performed in the ALSPAC paediatric cohort (Section 2.2). At the 

age of 7 years, children underwent  an ophthalmic assessment carried out by 
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members of the ALSPAC research team (249). A total of 8,237 children had 

genotype data, and 5,200 of them had ocular phenotype data available. For the 

replication analyses, the following phenotypes were used: parentally reported 

history of strabismus (n = 145 cases), manifest strabismus (n = 116 cases), 

esotropia (n = 143 cases) and exotropia (n = 28 cases). Logistic regression was 

used to test the association of the genetic variant rs6420484 (available in the 

ALSPAC genetic data), which is in very high LD (r2 = 0.98) with the lead variant 

(rs75078292) and predicted to have deleterious effects. 

 

4.3 Results 

 

4.3.1 Validation of Self-reported Strabismus in UK Biobank cohort 

As shown in Figure 4.1, a total of 66,694 unrelated UK Biobank participants had 

genetic ancestry principal components that clustered with other White British 

Europeans, reported their country of birth as England, Wales or Scotland, 

underwent an ophthalmic assessment, responded to the questionnaire item ‘Why 

were you prescribed glasses/contact lenses?’, and had no history of ocular 

pathology or ocular surgery. Among these 66,694 participants, 1,345 individuals 

self-reported strabismus as a reason for wearing spectacles or contact lenses (the 

answer ‘squint or a turn in an eye since childhood’). 

Participants with self-reported strabismus had a 11.3-fold greater prevalence of self-

reported amblyopia, a 2.5-fold greater prevalence of 1.00 D or more anisometropia, 

a much more hypermetropic refractive error (median +2.46 vs. +0.21 D), and a 

much earlier age of starting to wear glasses or contact lenses (median 5 vs. 40 

years-old) (Table 4.2, Figure 4.2). For age and gender, the cases and controls were 

well-matched (Table 4.2), and the difference in Townsend Deprivation Index, a 

measure of socioeconomic position, in those who did vs. did not report having 

strabismus was modest (-1.84 vs. -2.12; P=4.40E-03). All of these comparisons 

between cases and controls supported the validity of the self-reported strabismus 

phenotype in the majority of participants. 
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Figure 4.2 Demographic and clinical characteristic of the UK Biobank individuals with self-

reported strabismus (n = 1,345) in comparison with the control sample (individuals from the 

GWAS for strabismus sample without self-reported strabismus; n = 65,349). Early age-of-

onset of glasses was defined as 7 years-old. Bar chart error bars denote 95% CI. For violin 

plots, the white rectangle corresponds to the interquartile range and the solid black circle to 

the median.   
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Characteristics 
 

Total Cases Controls P-value 

(n=66,694) (Self-reported (n=65,349)  
strabismus; n=1,345) 

 

Female N (%) 35,758 (53.6%) 803 (59.7%) 34,955 (53.5%) 2.20E-01 

Self-reported unilateral amblyopia N (%) 2,465 (3.7%) 471 (35.0%) 1,994 (3.1%) <1.0E-99 

Good VA in both eyes N (%) 30,098 (45.1%) 266 (19.8%) 29,832 (45.6%) <1.0E-99 

Difference in VA between the two 
eyes 0.2 logMAR 

N (%) 13,135 (19.7%) 624 (46.4%) 12,511 (19.1%) <1.0E-99 

Good VA in one eye and difference > 
0.2 log MAR between the two eyes 

N (%) 9,123 (13.7%) 454 (33.8%) 8,669 (13.3%) <1.0E-99 

Anisometropia >= 1.0D N (%) 11,156 (16.7%) 553 (41.1%) 10,603 (16.2%) <1.0E-99 

Anisometropia >= 2.0D N (%) 3,948 (5.9%) 261 (19.4%) 3,687 (5.6%) <1.0E-99 

Anisometropia (D) Median (IQR) 0.36 (0.16 to 0.73) 0.75 (0.30 to 1.67) 0.35 (0.15 to 0.72) 8.00E-94 

Age (Years) Median (IQR) 60.17 (53.33 to 64.42) 60.17 (53.67 to 64.83) 60.17 (53.33 to 64.42) 2.30E-01 

avMSE (D) Median (IQR) 0.23 (-1.41 to 1.26) 2.46 (0.52 to 4.65) 0.21 (-1.44 to 1.22) <1.0E-99 

Age started wearing glasses (years) Median (IQR) 39.00 (15.00 to 47.00) 5.00 (3.00 to 8.00) 40.00 (16.00 to 47.50) <1.0E-99 

Townsend Deprivation Index Median (IQR) -2.12 (-3.59 to 0.25) -1.84 (-3.46 to 0.63) -2.12 (-3.59 to 0.25) 4.40E-03 

Table 4.2 Demographic characteristics of the UK Biobank discovery sample of 66,694 individuals 
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4.3.2 GWAS for Strabismus results 

A GWAS for self-reported strabismus case/control status using 7,469,170 genetic 

variants identified variants significantly associated (p < 5E-08) with the trait located 

in a single region on chromosome 17q25.3 (Figure 4.3). Of these variants, the most 

strongly associated SNP was rs75078292 (OR = 1.26, 95% CI 1.16-1.36, p = 2.24E-

08). Variants in other regions associated with self-reported strabismus at the 

suggestive level of genome-wide significance (p < 1E-05) are listed in Table 4.3. 

 

Figure 4.3 Manhattan plot for GWAS for self-reported strabismus in 66,694 UK Biobank 

participants. The y axis indicates negative log10 p values and the x axis indicates genomic 

position. Each dot represents a single SNP. The red and blue horizontal lines correspond to 

p values of 5.0E-08 and 1.0E-05, respectively). 
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Genetic variant Chromosome Effect Allele Reference Allele MAF OR 95 %CI P-value 

rs57229473 1 G T 0.07 1.42 1.24 to 1.63 8.77E-07 
rs10932669 2 T G 0.13 1.29 1.16 to 1.44 3.34E-06 
rs75645041 3 G C 0.15 1.26 1.14 to 1.40 9.19E-06 
rs1534560 4 T C 0.02 1.72 1.37 to 2.17 4.13E-06 
rs79576243 5 C T 0.19 1.26 1.15 to 1.38 1.68E-06 
rs116105203 5 A T 0.01 2.06 1.51 to 2.82 4.81E-06 
rs375475939 6 C T 0.03 1.65 1.38 to 1.98 7.40E-08 
rs186974323 6 G T 0.01 1.94 1.45 to 2.58 6.34E-06 
rs141951718 8 A G 0.01 1.92 1.44 to 2.57 8.31E-06 
rs72765677 9 T C 0.07 0.64 0.64 to 0.77 1.14E-06 
rs117517710 9 T C 0.02 1.69 1.36 to 2.11 2.98E-06 
rs143178747 9 A G 0.02 1.73 1.36 to 2.19 7.75E-06 
rs117636134 10 C G 0.02 1.81 1.43 to 2.30 8.42E-07 
rs2274831 10 C A 0.16 1.27 1.15 to 1.40 3.14E-06 
rs58174358 11 T C 0.04 1.54 1.27 to 1.27 9.76E-06 
rs142426391 13 T C 0.02 1.7 1.34 to 2.14 9.56E-06 
rs150685865 14 C T 0.01 1.82 1.40 to 2.36 5.79E-06 
rs116923583 16 C A 0.03 1.65 1.37 to 1.98 9.51E-08 
rs34349606 16 C T 0.03 1.66 1.37 to 2.02 2.90E-07 
rs17744237 16 A G 0.02 1.7 1.38 to 2.08 3.84E-07 
rs34203782 16 A C 0.03 1.6 1.32 to 1.94 1.96E-06 
rs76575122 16 C A 0.04 1.51 1.26 to 1.81 6.64E-06 
rs75078292 17 A G 0.35 1.25 1.16 to 1.36 2.24E-08 
rs117682361 18 T C 0.02 1.62 1.32 to 2.00 5.10E-06 

Table 4.3 Lead variants for regions attaining suggestive genome-wide significance (p < 1.0E-05) in GWAS for self-reported strabismus. Abbreviations: MAF 

=minor allele frequency; OR = odds ratio; CI = confidence interval. 
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The genomic inflation factor (λGC) (Section 2.4.7) was calculated in order to test if 

there was any systematic bias due to population stratification that could have biased 

the results of the study. There was no evidence of population stratification (λGC = 

1.004; Figure 4.4). 

 

Figure 4.4 Quantile-quantile plot for GWAS for strabismus. The x shows expected negative 

log10 p values and y axis shows observed negative log10 p values for association with self-

reported strabismus. 

Shaaban et.al (2018) reported genetic variant rs2244352 to be associated with non-

accommodative esotropia. In the current study, the reported SNP was not 

significantly associated with self-reported strabismus (OR = 1.01, 95% CI 0.93-1.10, 

p = 0.83). 
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4.3.3 Fine-mapping of the 17q25.3 Locus 

A conditional analysis was performed and visualised using the LocusZoom online 

tool with a flanking region of 250Kb either side from the lead variant. This region 

included 23 genes, and was centred on the genes TSPAN10, NPLOC4 and PDE6G. 

This analysis did not identify any secondary signals, suggesting that the association 

was driven by one causal variant (Figure 4.5). 

 

Figure 4.5. Regional association plot for self-reported strabismus in the region ±250kb from 

the lead variant rs75078292, before (a) and after (b) conditioning on the lead variant.   

Further analyses using FINEMAP were not able to identify the precise causal 

variant(s) in the genomic region, possibly because more than 20 highly-associated 

variants were in perfect or almost perfect LD. (Notably, the pattern of LD across this 

region varies markedly across ancestry group, therefore it could be fruitful to fine-

map this region in non-European ancestry groups; the MAF of the lead variant, 

rs75078292, in diverse ancestry groups is shown in Figure 4.6). 
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Figure 4.6 Allele frequency spectrum of lead GWAS variant (rs75078292) across ancestry 

groups. Abbreviations: AFR, Africans; AMR, Native Americans; EAS, East Asians; EUR, 

Europeans; SAS, South Asians). The results were obtained from Ensembl (320) for 

participants of the 1000 Genomes project (360). 

 

4.3.4 Functional Evaluation of the 17q25.3 Locus 

The lead strabismus variant rs75078202 is in very tight LD (r2 = 0.98) with 

rs6420484. The minor allele of rs6420484 produces a C177Y substitution (amino 

acid cysteine is replaced with tyrosine) in TSPAN10, the gene encoding the protein 

tetraspanin-10, which would be expected to have deleterious consequences. 

Another genetic variant, indel rs397693108, which is also predicted to have 

deleterious effects, is in almost perfect LD with both the lead variant rs75078292 

and rs6420484. The CADD scores (322) were obtained from Ensembl (320) to 

assess the pathogenicity of the variants of interest. CADD scores for highly-

associated markers in the region are presented in Table 4.4. The rs397693108 indel 

introduces a 4-bp deletion in the mRNA for 2 isoforms of TSPAN-10, which would 

be predicted to result in a frameshift in the coding region. For a third isoform, the 

indel is predicted to result in nonsense-mediated decay (NMD) of the mRNA. Given 

the same MAF of the risk alleles of rs75078292, rs6420484 and rs397693108 and 

the fact that they are in tight LD, it suggests that they occur on the same haplotype. 
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Genetic 
variant 

Position 
Effect 
allele 

Reference 
allele 

MAF 

GWAS GWAS Scaled eQTL eQTL 

OR P-value 
CADD 
score 

effect size P-value 

rs6420484 79612397 A G 0.35 1.21 8.24E-10 16.29 0.84 3.30E-21 

rs397693108 79614932 TTAAC T 0.35 1.21 6.90E-10 16.08 0.84 3.30E-21 

rs9895741 79603831 A G 0.35 1.21 1.43E-09 10.84 0.84 3.30E-21 

rs9747347 79606820 T C 0.35 1.21 1.27E-09 7.09 0.84 1.80E-21 

rs7405453 79615572 A G 0.35 1.21 5.02E-10 6.92 0.84 3.30E-21 

rs62075722 79611271 A G 0.35 1.21 8.48E-10 6.29 0.84 3.30E-21 

rs67050149 79557043 C A 0.35 0.83 1.25E-09 5.98 -0.84 3.30E-21 

rs11656126 79564542 G A 0.35 0.83 7.96E-10 5.98 -0.84 3.00E-21 

rs8081701 79599441 T C 0.35 1.21 1.47E-09 2.41 0.86 5.40E-21 

rs11650127 79572253 G A 0.35 0.83 6.00E-10 1.85 -0.84 1.70E-20 

rs71373084 79564930 C G 0.35 0.83 8.03E-10 1.65 -0.84 3.40E-21 

rs9905786 79602063 G T 0.35 1.21 1.44E-09 1.08 0.86 7.20E-22 

rs112364254 79578287 G A 0.35 0.82 4.93E-10 1.04 -0.82 2.70E-20 

rs7503894 79583473 T C 0.35 1.21 5.94E-10 0.64 0.84 3.30E-21 

rs12953229 79554271 G A 0.35 0.83 9.50E-10 0.48 -0.84 3.30E-21 

rs75078292 79585492 A G 0.35 1.21 7.95E-10 0.38 0.84 3.20E-21 

rs62075723 79611326 G A 0.35 1.21 5.91E-10 0.15 0.84 3.30E-21 

rs34635363 79549250 G A 0.35 0.83 9.34E-10 0.13 -0.84 3.30E-21 

rs12948708 79558741 G A 0.35 0.83 9.34E-10 0.02 -0.84 3.30E-21 

Table 4.4 CADD scores and eQTL effects for TSPAN10 gene expression in cerebellum for variants surpassing the genome-wide significance threshold and in 

very high LD (r2 > 0.95) with the lead variant at the locus. 
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TSPAN10 gene expression was examined in tissue samples analyses by the GTEx 

consortium (357) in order to identify the further effect of the indel rs397693108. The 

risk allele of rs397693108 was associated with reduced expression of TSPAN10 in 

human cerebellum and cerebellar hemisphere (p = 1.30E-10 and p = 8.10E-12, 

respectively; Error! Reference source not found.A, B). These findings were 

consistent with degradation of an mRNA isoform via NMD. The risk allele of 

rs397693108 was found to have cis-eQTL effects at other genes. An association 

with reduced phosphodiesterase 6G (PDE6G) gene expression was found in testis 

(p = 5.82E-06; Figure 4.7C), and with the expression of ADP ribosylation factor like 

GTPase 16 (ARL16) mRNA levels in thyroid (p = 2.10E-06; Figure 4.7D). In testis, 

rs397693108 was the 47th-ranked eSNP associated with PDE6G expression; 

however it had an almost 1.6-fold lower effect than the top-ranked variant located 15 

kb distant (rs11150804, P=1.80-41). Like PDE6G, the ARL16 gene encoding ADP 

ribosylation factor like GTPase 16 is located nearby to NPLOC4 and TSPAN10 

(Figure 4.5). In thyroid, rs397693108 was the 232nd ranked eSNP associated with 

ARL16 expression, and had a more than 4-fold lower effect than the top-ranked 

variant situated 34.5 kb away (rs7503637, P=5.50E-96). By contrast, rs397693108 

was the 15th highest-ranked TSPAN10 eQTL in cerebellum and had an effect size 

equal to the top-ranked variant (rs9905786, P=7.20 10E-122). In cerebellar 

hemisphere tissue, rs397693108 was the 63rd-ranked TSPAN10 eQTL. Gene 

expression in human tissues can be regulated by structural variations (Section 

1.1.1), e.g. Chiang et al. (361) found evidence for co-regulation of TSPAN10 gene 

expression by structural variants and SNP in 17q25.3 region. Thus, in summary, 

there was strong evidence that the causal variant underlying the association with 

strabismus acts as a cis-eQTL for TSPAN10 in neural tissue, and for PDE6G and 

ARL16 in certain other tissues. Of these 3 eGenes, the evidence suggested 

TSPAN10 as the most likely causal eGene. 
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Figure 4.7 Strabismus associated indel rs397693108 is an eQTL. Gene expression levels of 

tetraspanin-10 mRNA in cerebellum (A), human cerebellar hemisphere (B), and of 

phosphodiesterase 6G in testis (C), and of ADP ribosylation factor like GTPase 16 in thyroid 

(D) for individuals with the indicated rs397693108 genotype (Ref allele = TTAAC, Del allele 

= T). Numbers indicate the number of donors for each genotype category. Boxes depict the 

first and third quartile; whiskers extend to the furthest data point up to a maximum of 1.5 

times the height of the box. Reproduced from Plotnikov et al. (362). 

 

4.3.5 Co-localisation of Association Signals for Strabismus and Refractive Error 

Pickrell et al. (128) carried out a GWAS for self-reported myopia in individuals of 

European-ancestry using the data from the personal genomics company 23andMe. 

They identified the NPLOC4-TSPAN10-PDE6G region as strongly associated with 

the phenotype. Genetic variant rs9747347 was reported as the SNP with strongest 

association in the aforementioned region (OR = 1.07, 95% CI 1.06 to 1.09, p = 1.6E-

18). rs9747347 is in perfect LD with the lead strabismus variant, rs75078292, 
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(r2=1.00 in Europeans). The PhenoScanner (325) web tool was used in order to 

cross-reference the lead variant associated with strabismus against a wide range of 

other phenotypes. The rs75078292 variant was found to be associated with the 

following traits: myopia (p = 1.20E-07) (127); age of onset of myopia (p = 9.80E-07) 

(127); and age-related macular degeneration (5.04E-11) (363). In addition, a recent 

GWAS for morphological retinal phenotypes in more than 30,000 UK Biobank 

individuals reported a variant, rs7503894, in perfect LD with rs75078292 (r2 = 1.00 

in Europeans) that is strongly associated with the retinal nerve fibre layer thickness 

(p = 2.49E-29) (364). Notably, the lead strabismus risk variant is associated with a 

more negative refractive error and with strabismus, which is counter-intuitive, since 

strabismus is typically associated with hyperopia (181, 182). The association of 

rs75078292 with refractive error and myopia were estimated in the sample of 

66,694 UK Biobank individuals; the analyses were adjusted for age, gender, 

genotyping array, and the first 10 ancestry principal components. The lead 

strabismus variant rs75078292 was found to be associated with myopia (OR = 1.06, 

p = 5.78E-07) and refractive error (β = -0.09 D, 95% CI -0.12 to -0.06 per copy of 

the risk allele, p = 2.77E-08). After adjusting for amblyopia or strabismus, the 

estimates remained consistent in magnitude and direction. 

The above results suggested that the risk allele of rs75078292 was independently 

associated with strabismus and myopia. Since, on average, strabismus is more 

commonly associated with hyperopia than with myopia, this makes it highly unlikely 

that the association with strabismus is driven by an association with refractive error, 

i.e. genetic variant → hyperopia → strabismus. However, in order to further confirm 

that the association between the lead variant rs75078292 and strabismus was not 

driven by refractive error, the discovery sample was stratified into myopic, 

emmetropic and hyperopic groups (Table 4.5). In the myopic group, there was no 

evidence for an association between strabismus and rs75078292 (OR = 1.11, p = 

6.19E-01). In hyperopic group, the association was strong (OR = 1.64, p = 8.30E-

07). In emmetropes, the association was statistically significant (OR = 1.88, p = 

7.24E-03) but weaker than in the hyperopic subsample. The results of the stratified 

analysis supported the hypothesis that the association between the lead genetic 

variant and strabismus was not driven by an association with refractive error. 
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Group Model Cases/controls Additive model Recessive model 

      OR 95% CI  P-value OR 95% CI P-value 

Myopic Baseline 224/23,190 1.13 0.94 to 1.37 1.90E-01 1.21 0.85 to 1.73 2.86E-01 

Emmetropic Baseline 178/22,710 1.23 0.99 to 1.51 5.69E-02 1.79 1.24 to 2.57 1.69E-03 

Hyperopic Baseline 943/19,449 1.30 1.18  to 1.30 4.66E-08 1.71 1.43 to 2.04 3.28E-09 

Myopic Adjusteda 224/23,190 1.13 0.94 to 1.37 1.98E-01 1.20 0.84 to 1.73 3.19E-01 

Emmetropic Adjusteda 178/22,710 1.19 0.96 to 1.46 1.15E-01 1.60 1.10 to 2.32 1.43E-02 

Hyperopic Adjusteda 943/19,449 1.20 1.09 to 1.32 2.80E-04 1.51 1.25 to 1.81 1.14E-05 

Table 4.5 Association of lead variant for strabismus at the NPLOC4-TSPAN10-PDE6G locus with self-reported strabismus in groups stratified by refractive 

status. Participants were grouped into refractive error categories based on their spherical equivalent refractive error in each eye meeting the following criteria: 

for myopic group: ≤-0.5 D; emmetropic: > -0.5 D and ≤ +1.0 D; hyperopic: > +1.0 D. Participants were excluded when two eyes were not classified into the 

same group (e.g. one eye myopic and one eye emmetropic). The baseline covariates age, sex, genotyping array, and the first 10 PCs were included in all 

models. 

 aAdjusted for baseline covariates plus presence/absence of amblyopia, and anisometropia (D) 
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4.3.6 Mode of Inheritance 

The fit of strabismus associations to dominant, recessive or additive models of 

inheritance was examined in a baseline model and in an adjusted model. In the 

baseline setting, with age, sex, first 10 ancestry principal components and 

genotyping array included as covariates, an additive model provided a better fit in a 

comparison with a dominant model (p = 4.76E-06). However, a recessive model 

provided a better fit than the additive model (p = 8.10E-05). After including 

additional covariates (presence of amblyopia, refractive error, astigmatism, or 

anisometropia) in the model, the pattern remained the same (Table 4.6).  

In the 14.8% of the risk-allele homozygotes, the estimated risk of strabismus was 

OR = 1.62 (95% CI 1.41 to 1.86, p = 1.01E-11). Given the OR = 1.62, the estimated 

population attributable risk (PAR) was approximately 8.4%. 
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Model 
Additive model Dominant model Recessive model 

OR 95% CI P-value OR 95% CI P-value OR 95% CI P-value 

Baseline 1.24 1.14 to 1.34 8.92E-08 1.16 1.04 to 1.29 1.03E-02 1.62 1.41 to 1.86 1.01E-11 

Baseline + Amblyopia binary 1.16 1.08 to 1.26 1.70E-04 1.11 0.99 to 1.24 7.66E-02 1.42 1.23 to 1.64 2.16E-06 

Baseline + avMSE 1.18 1.09 to 1.28 5.84E-05 1.13 1.00 to 1.27 4.24E-02 1.45 1.25 to 1.68 9.90E-07 

Baseline + Anisometropia 1.23 1.13 to 1.33 2.97E-07 1.16 1.03 to 1.29 1.13E-02 1.58 1.37 to 1.82 1.65E-10 

Baseline + Astigmatism 1.21 1.12 to 1.31 2.01E-06 1.13 1.01 to 1.26 3.45E-02 1.57 1.36 to 1.81 4.47E-10 

Baseline + Myopia binary 1.25 1.16 to 1.35 1.71E-08 1.17 1.05 to 1.31 5.39E-03 1.66 1.44 to 1.90 1.25E-12 

Baseline + Anisometropia 
binary 

1.22 1.13 to 1.32 7.28E-07 1.15 1.03 to 1.29 1.38E-02 1.55 1.35 to 1.78 8.50E-10 

Baseline + Astigmatism binary 1.22 1.12 to 1.32 1.07E-06 1.14 1.02 to 1.28 2.23E-02 1.57 1.36 to 1.81 3.77E-10 

Table 4.6 Comparison of modes of inheritance of rs75078292 for association with self-reported strabismus in UK Biobank participants (n = 66,694).  

Covariate definitions. avMSE=mean spherical equivalent refractive error in Dioptres averaged between the two eyes; Anisometropia=anisometropia in 

Dioptres coded as a continuous variable; Astigmatism=Refractive astigmatism in Dioptres averaged between the two eyes; Myopia binary=binary variable 

coded as zero unless refractive error averaged between the two eyes <= -0.5 D; Anisometropia status=binary variable coded as zero unless anisometropia 

>= 1.00 D; Astigmatism binary=binary variable coded as zero unless refractive astigmatism averaged between the two eyes >= 1.00 D. 
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4.3.7 Replication in the ALSPAC Paediatric Sample 

Independent replication was performed in a sample of children aged 7 years from 

the ALSPAC cohort (n = 5,200), clinically examined by an orthoptist. The results are 

presented in Table 4.7. The lead GWAS variant showed independent replication of 

association in the clinician-diagnosed sample of children. For manifest strabismus, 

the OR = 1.44 (95% CI 1.11 to 1.88, p = 0.007) for an additive model and OR = 1.85 

(95% CI 1.16 to 2.95, p = 0.009) for a recessive model. The results were consistent 

with those obtained in the UK Biobank sample in terms of effect size and likely 

mode of inheritance. After adjusting the model for amblyopia, the results were 

similar to the baseline model. The association was statistically significant for 

exotropia (p < 0.05 for both additive and recessive models), but not for esotropia. 

However, one possible reason for such association is that some children may have 

had secondary exotropia (as a result of previous surgery correction of esotropia). 

Given the small number of children with exotropia (n = 28), the interpretation of this 

result is not straightforward. 
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Phenotypes for 
replication 

Cases/Controls 
Mode of 

inheritance 

Baseline model Adjusted model  

OR (95% CI) P-value OR (95% CI) P-value 

Amblyopia 189/5011 
Additive 1.19 (0.97 to 1.48) 1.00E-01 0.97 (0.77 to 1.23) 7.89E-01 

Recessive 1.36 (0.91 to 2.02) 1.35E-01 1.10 (0.69 to 1.74) 6.90E-01 

History of 
strabismus 

145/5055 
Additive 1.36 (1.07 to 1.73) 1.10E-02 1.34 (1.04 to 1.73) 2.60E-02 

Recessive 1.72 (1.12 to 2.63 1.30E-02 1.58 (0.98 to 2.55) 6.10E-02 

Esotropia  143/5057 
Additive 1.08 (0.85 to 1.38) 5.42E-01 1.02 (0.78 to 1.32) 9.10E-01 

Recessive 1.20 (0.74 to 1.95) 4.50E-01 1.00 (0.59 to 1.72) 9.89E-01 

Manifest strabismus  116/5084 
Additive 1.44 (1.11 to 1.88) 7.00E-03 1.43 (1.07 to 1.92) 1.60E-02 

Recessive 1.85 (1.16 to 2.95) 9.00E-03 1.72 (1.00 to 2.95) 5.00E-02 

Exotropia  28/5172 
Additive 1.76 (1.04 to 2.99) 3.50E-02 1.73 (1.02 to 2.93) 4.00E-02 

Recessive 2.47 (1.05 to 5.83) 3.90E-02 2.37 (1.00 to 5.63) 5.10E-02 

Table 4.7  Association of strabismus and amblyopia with lead GWAS variant in ALSPAC replication sample (n = 5,200).  

Baseline model was adjusted for gender; Association analyses for strabismus were adjusted for gender and amblyopia; Association analysis for amblyopia 

was adjusted for gender and strabismus. 
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4.4 Discussion 

This study identified a commonly occurring genetic variant located on chromosome 17q25.3 

that was associated with strabismus. The conditional analysis suggested that the association 

was driven by a single SNP. The presence of approximately 20 SNP in high LD in this region 

made it difficult to pinpoint the exact causal SNP. Further fine-mapping analyses in non-

European populations may be useful. Genetic variants in this locus were found to be 

associated with myopia previously; however, the results of analyses after adjustment for 

myopia, refractive error, or anisometropia provided evidence that the association between 

the lead variant and strabismus was independent of the association with other traits. The 

influence of genes in the TSPAN10-NPLOC4-PDE6G region on the visual system 

development remains unclear. A previous GWAS for esotropia by Shaaban et al. (196) 

reported a single genetic variant associated with the disorder. In the current study, the lead 

SNP (rs2244352) from the GWAS conducted by Shaaban et al. was tested for association 

with strabismus in UK Biobank sample. However, no association of rs2244352 with self-

reported strabismus was found, which suggests that the genetic architecture of non-

accommodative esotropia differs from that of self-reported strabismus generally, or that the 

association reported by Shaaban et al. was a false-positive.  

Three criteria need to be met in order for a case-control GWAS to detect genetic variants 

associated with a trait. First, the trait must have a genetic component. Second, the sample of 

‘controls’ should contain only a small proportion of individuals truly affected by the disorder 

(misclassified ‘cases’). Third, the participants truly affected by the disorder should constitute 

the bulk of the ‘cases’ group. Regarding the first criterion, recent progress in identifying 

mutations causing strabismus (187, 188, 192) supports the hypothesis that susceptibility to 

strabismus has a genetic component. In the study conducted by the Wellcome Trust Case 

Controls Consortium (365), the statistical power of case-control GWAS was shown to be 

minimally reduced if the ‘control’ group includes less than 5% of misclassified ‘cases’. In the 

current study, controls were selected as those not self-reporting a history of strabismus. 

Given the prevalence of strabismus in general population of 2-4%, this approach was 

considered as an effective method with regards to the second criterion. A comprehensive 

validation of the self-reported strabismus phenotype was performed to meet the third 

criterion. Thus, the level of comorbidities (i.e. self-reported amblyopia, anisometropia and 

asymmetric visual acuity) was compared in participants with and without self-reported 

strabismus (Table 4.2; Figure 4.2). The association with strabismus was replicated in an 

independent cohort of children with clinician-diagnosed strabismus (OR = 1.85, 95% CI 1.16 

to 2.95). 
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In the current study the number of controls was more than 48-fold greater than the number 

of cases. This unbalanced case-control ratio is a feature of the association studies for 

disorders with low prevalence when the total sample size is large (366). The use of standard 

logistic regression in that case can lead to the bias in the estimation of the trait-variant 

association. Thus, to avoid this source of bias, Firth regression was used in the discovery 

GWAS in 66,694 UK Biobank individuals. The discovery association analysis was restricted 

to unrelated individuals to control for relatedness, one of the main confounding factors in 

GWAS analyses (366, 367).  

The findings that the association of the lead GWAS variants with strabismus, amblyopia and 

myopia were mutually independent implies a complex relationship between the causal 

variant(s) at the locus and visual development. The suggestive evidence that the association 

with strabismus was restricted to non-myopic individuals may reflect a different mechanism 

of strabismus development in myopic vs. non-myopic individuals, perhaps related to the 

higher prevalence of strabismus in hypermetropes and anisometropes compared to myopes. 

To further dissect the inter-relationships between the locus and these ocular traits will 

require the collection and genotyping of large cohorts of individuals with clinician-diagnosed 

strabismus.  

In summary, this genome-wide association study in a large sample of UK Biobank 

participants identified a single locus associated with self-reported strabismus. The 

association was replicated in an independent sample (OR = 1.85, p = 0.009). Among the 

associated variants, 2 are predicted to have deleterious effects: rs6420484, which 

substitutes tyrosine for a conserved cysteine (C177Y) in the TSPAN10 gene, and 4-bp 

deletion variant, rs397693108, predicted to cause a frameshift in TSPAN10.  

Therefore, this study suggests gentic variants in TSPAN10 confer susceptibility to 

strabismus. 
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5.1 Introduction 

A plethora of observational (cross-sectional and longitudinal) studies has been performed in 

order to identify and to estimate the association between education and refractive error 

(particularly myopia). Despite the large number of such studies, the evidence of education 

being a causal risk factor for refractive error development has only recently been examined 

in two MR studies (45, 46).  

The 1944 Education Act (Butler Act) in England and Wales and the Education (Scotland) Act 

1946 legislated for free universal schooling in the United Kingdom, as well as the raising of 

the minimum school-leaving age first from 14 to 15 years-old in April 1947 and then from 15 

to 16 years-old in September 1972 (following the recommendations of the Robbins Report) 

(368). Children born in September 1957 were the first to be affected by the raising of school-

leaving age (ROSLA) in 1972; those who would have left school aged 15 were required to 

remain at school for up to one additional academic year (369). This led to the sharp increase 

in the educational attainment in the aforementioned school children. The fact that the 

educational reform was implemented nation-wide at the same date has made it possible to 

use the regression discontinuity (RD) design (Section 2.4.5) to assess the effect of schooling 

on various health outcomes, including refractive error. In that scenario, September the 1st  

1972 is considered as a cut-off point dividing the study cohort into two subgroups: those 

affected by the reform  (born after September 1957 and therefore 15 years of age or older in 

September 1972), and those unaffected (born before September 1957). 

The availability of educational attainment and refractive error data in UK Biobank; and the 

large number of UK Biobank individuals affected by the ROSLA 1972 reform has made it 

possible to estimate the causal effect of education on myopia using regression discontinuity 

analysis in the current study. 

 

5.2 Methods 

 

5.2.1 Analysis samples 

Analyses in the current study were restricted to UK Biobank participants of White British 

genetic ancestry (245), who reported England or Wales as their country of birth and who had 

data available for EduYears (Section 2.1.1) and autorefraction-measured refractive error 

(avMSE; Section 2.1.2). Those participants who reported having a history of eye surgery 
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(specifically, cataract, laser refractive surgery or corneal graft surgery) were excluded from 

the analyses. Only participants born between September 1945 and September 1968 

(Educational Year; Section 2.1.1) were selected for inclusion in the final sample (n = 62,812 

individuals). Instrumental variable analysis was performed in a sub-sample of participants 

with Educational Year between 1956-1958 (n = 4,761; ‘IV sample’). Regression discontinuity 

analysis was carried out in a sub-sample (n = 21,548; ‘RD sample’) selected using the 

optimal bandwidth selection procedure described by Calonico, Cattaneo and Titiunik (370). 

Participants selection is presented in Figure 5.1. 
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Figure 5.1 Selection of UK Biobank participants for the RD and IV samples 

 



101 
 

5.2.2 Forcing Variable and Bin Size Selection 

The discontinuity in educational attainment induced by ROSLA 1972 was determined by the 

participant’s birth date, hence an additional (‘forcing variable’) term was included in the RD 

analysis corresponding to the birth cohort of each participant. The birth date of participants 

(in months) is typically used as a forcing variable in regression discontinuity design studies 

investigating the effect of ROSLA on health or social-economic outcomes (371-373). 

Therefore, the forcing variable ‘run1’ was created and coded as the number of months 

before or after the cut-off date (September 1957) that the participant was born; negative 

values were used for those born before the cut-off date and positive values otherwise. In this 

scenario, the bin size was 1 month; however, the optimal bin size can also be selected using 

either informal or formal procedures (Section 2.4.5). For the formal approach, the use of an 

F-test has been recommended (374), selecting the widest bin size such that a one-step 

wider bin size would provide a worse fit to the data (i.e. F-test, p <0.05). In order to perform 

this test, K dichotomous variables for each bin were created (e.g. for bin size 12 months, 

there were 24 dummy indicators corresponding to 12 bins before and 12 bins after the cut-off 

point).  Next, each bin was divided into two smaller bins and 2K indicators were created; 

refractive error was regressed on the new set of indicators. An F-statistic was calculated to 

compare the fit of the two regression equations, and then continued with further division of 

bin size. 

 

5.2.3 Polygenic Risk Scores for Refractive Error and Educational Attainment 

Polygenic risk scores (PRS; Section 2.4.8) were created for educational attainment and for 

refractive error. The PRS for educational attainment was constructed using summary 

statistics for a published educational attainment GWAS meta-analysis (approximate n = 

324,162; Section 2.3.3) (254). UK Biobank participants were excluded from this educational 

attainment GWAS dataset, which guarded against ‘overfitting’ that may have occurred if the 

same participants were used to determine the weights of the PRS regression coefficients 

and to explore the effects of the PRS. The PRS for refractive error was constructed using 

summary statistics from a GWAS for Age of Onset of Spectacle Wear (AOSW)-inferred 

spherical equivalent refractive error (n = 287,448 participants of UK Biobank) (317). Note 

that there was no overlap between the AOSW-inferred refractive error GWAS sample and 

either the IV sample or the RD sample. For variants in LD, PRS weights were adjusted using 

LDpred v1.0.6. In total, 1,175,465 HapMap3 (375) SNP were used for constructing the PRS. 

PRS were standardized to have a mean of zero and variance of one. Next, the PRS for each 
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trait was converted from a continuous standardised variable to a binary variable. For the 

educational attainment binary PRS, the score was assigned a value of 1 if the standardised 

PRS score was more than 0; and 0 otherwise. For the binary refractive error PRS, the score 

was assigned a value of 1 if the standardised PRS was less than zero (meaning that 

participants with higher genetic risk of developing a negative refractive error, i.e. myopia, 

had a value of 1); and 0 otherwise. 

 

5.2.4 Effects of ROSLA 1972 on Educational Attainment 

Two binary variables were created in order to assess the effect of the ROSLA 1972 on 

educational attainment and refractive error. The first variable, ‘leave16’ was coded ‘1’ if the 

individual reported completing full time education at age 16 years or more; and ‘0’ otherwise. 

The second variable, ‘ROSLA’ was assigned a value of ‘1’ if the individual was born during 

or after September 1957; and ‘0’ otherwise. Logistic regression was used to investigate the 

association between EduYears and ROSLA. The ‘glm.cluster’ command from the miceadds 

R package was used, and standard errors were clustered by month and year of birth. In 

addition, the proportion of UK Biobank individuals who completed full time education at age 

15 years was plotted against the Educational Year to visually assess the effect of the reform. 

These analyses used the full sample of 62,812 UK Biobank participants born 12 years 

before and after September 1957. 

 

5.2.5 Effect of the Reform on Refractive Error 

The binary variables leave16 and ROSLA were used as predictors in linear regression 

models to investigate the observational ordinary least squares (OLS) association of the 

reform with refractive error. Standard errors were clustered by month and year of birth. 

These OLS estimates could potentially be used to gauge the causal effect of the reform on 

refractive error, however such an approach is not generally recommended since OLS 

estimates from observational studies typically suffer from bias due to confounding (271, 

376). Therefore, as an alternative to OLS regression, an IV analysis (Section 2.4.2) was 

performed. If the so-called ‘instrumental variable assumptions’ hold (Section 2.4.2), an IV 

analysis will estimate the causal effect free from bias from confounders. In the current study, 

a 2SLS IV analysis (Section2.4.2) was carried out, using the ‘ivreg’ command from the AER 

R package. In the first stage (Equation 5.1), variable leave16 was regressed on the 

instrument ROSLA. In the second stage (Equation 5.2) refractive error was regressed on the 
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model-estimated values from stage one. The analysis was performed with adjustment for 

age, gender, first 5 PC and the binary PRS for educational attainment.  

𝑙𝑒𝑎𝑣𝑒16 =  𝛽₀ + 𝛽₁𝑅𝑂𝑆𝐿𝐴 + 𝛽₂𝐶𝑜𝑣₁ + . . . + 𝛽𝑖+1𝐶𝑜𝑣𝑖  +  𝜔 

Equation 5.1 First stage regression model. Cov = set of covariates; 𝜔 = error term 

 

𝑅𝐸 =  µ₀ + µ₁𝑙𝑒𝑎𝑣𝑒16 ̂  + µ₂𝐶𝑜𝑣₁ + . . . + µ𝑖+1𝐶𝑜𝑣𝑖   + 𝜁    

Equation 5.2 Second stage regression model Cov = set of covariates; ζ = error term; RE = refractive 

error 

 

The analyses were carried out in the IV Sample, which comprised of 4,761 UK Biobank 

individuals born in the interval from 12 months before and 12 months after the cut-off date. 

Selection of individuals from the last cohort before the reform and the first cohort after the 

reform (one full school year either side from the cut-off) was performed in order to minimize 

the secular variation either side of the cut-off date.  

After the implementation of ROSLA, some children still left school at age 15 or earlier, i.e. 

not all school pupils were affected by the reform. Specifically, the probability of leaving 

school at or above age 16 years was approximately 80% after the implementation of ROSLA 

1972; i.e. approximately 20% of individuals left full-time education at an earlier age in the 

year after ROSLA 1972 was introduced. Accordingly, a ‘fuzzy’ regression discontinuity 

design (Section 2.4.5) was used in the current study. The Local Average Treatment Effect 

(LATE; Section 2.4.5) was used to estimate the effect of an additional year of schooling 

introduced by the reform on refractive error in the sub-population of participants who left full-

time education at age 16 or more. Specifically, the LATE was estimated with refractive error 

as the dependent variable, the leave16 variable as the independent variable, and ROSLA as 

the instrument. In this scenario, the LATE can be estimated as (301, 302): 

𝐿𝐴𝑇𝐸 =  
(𝐸(𝑅𝐸|𝑅𝑂𝑆𝐿𝐴 = 1) − 𝐸(𝑅𝐸|𝑅𝑂𝑆𝐿𝐴 = 0))

(𝐸(𝑙𝑒𝑎𝑣𝑒16 = 1│𝑅𝑂𝑆𝐿𝐴 = 1) − (𝑙𝑒𝑎𝑣𝑒16 = 1|𝑅𝑂𝑆𝐿𝐴 = 0))
      

Equation 5.3 RE denotes the refractive error; ROSLA and leave16 denote binary indicators of 

threshold attainment and intervention. 
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The optimal bandwidth (Section 2.4.5) was chosen using the method of Calonico, Cattaneo 

and Titiunik (370) with the ‘rdbwselect’ command in the ‘rdrobust’ R package. Following the 

suggestions of Imbens and Kalyanaraman (304), a triangular kernel was used for weighting 

the observations. The model was adjusted for gender, month of birth, first 5 ancestry 

principal components and for the education PRS binary variable. 

 

5.2.6 Inverse Probability Weighting 

In the UK Biobank sample (n = 62,812) only 17.5% of participants reported completing full-

time education at age 15 or less compared with 33% of the Health Survey for England and 

the General Household Survey (reported in Clark and Royer (371)). Non-random sampling 

can lead to biased regression estimates (377); therefore it is suggested to use an inverse 

probability weighting for correcting for endogenous sampling (378). In the current study, the 

weighting factor (33/17.5) was used in main analyses for individuals with reported age left 

school of 15 years or less. 

 

5.2.7 Heterogenous Effects of the Reform on Refractive Error 

In order to assess if genetic predisposition to refractive error modified the causal effect of 

ROSLA 1972 on refractive error, the IV Sample (n = 4,761) was stratified  into 2 groups: 

those with either a relatively high (n = 2,360) or low genetic predisposition to myopia (n = 

2,401), using the binary PRS for refractive error for assignment into groups. Then, IV 

analyses were carried out in both sub-samples.  

To test if the effects of the ROSLA 1972 reform on educational attainment were 

heterogeneous across the education distribution, the total sample of 62,812 UK Biobank 

participants was stratified by highest level of educational qualification based on the response 

for the questionnaire item (Section 2.1.1). Linear regression analysis was performed in each 

stratum (Equation 5.4) 

𝐸𝑑𝑢𝑌𝑒𝑎𝑟𝑠 =  𝜈₀ +  𝜈₁ 𝑟𝑢𝑛 + 𝜈₂ 𝑅𝑂𝑆𝐿𝐴 + 𝜈3 𝑟𝑢𝑛: 𝑅𝑂𝑆𝐿𝐴 +  𝜒 

Equation 5.4 Estimating the effect of the reform within each educational stratum. run = running 

variable; run:ROSLA = an interaction term; χ = error term 
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5.2.8 Sensitivity Analyses 

According to the null hypothesis, there should be no shift in refractive error before vs. after 

cut-off points that are selected randomly rather than the cut-off point corresponding to an 

educational reform. To test for the absence of an effect at points where no effect was 

expected (e.g. other than the true cut-off point) (300), the association with refractive error 

was investigated at ‘false’ cut-off points. Dates of 2 years before and 2 years after the true 

cut-off date were selected for such testing. For each of these 2 points, the binary variable for 

the ‘artificial reform’ was created and used in the analyses. 

To test the no-manipulation assumption of the forcing variable (the density of the forcing 

variable is continuous at the cut-off point), a McCrary test was used (379). 

As further sensitivity analyses, the regression discontinuity analyses were performed with bin 

sizes of 1, 2, 3, 6 and, also of 12 months at different bandwidths between 1 and 12 years to 

test the robustness of the results to differences in bin width and bandwidth. Note that for the 

bin sizes of 6 and 12 months the estimated effect cannot be calculated with bandwidth of 1 

and 2 years. 

 

5.3 Results 

 

5.3.1 Polygenic Risk Scores for Refractive Error and for Educational Attainment 

The binary PRS for refractive error explained an additional 6.0% of the variance in refractive 

error (p<2.2E-16) compared to a baseline model that included the predictor variables age, 

sex, binary PRS for education, and the first 5 genetic PC. The binary PRS for education 

explained an additional 4.2% (p<2.2E-16) of the variance in EduYears compared to a 

baseline model that included the predictor variables age, sex, binary PRS for refractive error, 

and the first 5 genetic PC.  

 

5.3.2 Effect of the ROSLA 1972 Reform on Educational Attainment 

During the 12 years before the ROSLA 1972 reform there was a gradual decline in the 

proportion of UK Biobank participants from England and Wales who reported completing 

their education at age 15 or younger. However, the reform coincided with a much sharper 

decrease in the proportion of participants who left school at age of 15 or earlier (Figure 5.2). 
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The proportion of UK Biobank participants reporting an age completing full time education of 

15 years or less was reduced by 22.1% (95% CI 21.6 to 22.7%) after the introduction of 

ROSLA 1972, from approximately 25% to 2.9%.  This is consistent with the reduction of 

26.1% observed by Clark and Royer (371) in the Health Survey for England and the General 

Household Survey. In UK Biobank participants born 12 month before or after the cut-off 

point, the estimated effect was of a similar magnitude, namely a 12.8% (95% CI 11.2 to 

14.4%) reduction in the proportion of those leaving school at age 15 or less (from 15.2% 

before the cut-off to 2.4% after). 

 

Figure 5.2 Proportion of UK Biobank participants who left school at age 15 years or earlier. The 

vertical dotted line represents the cut-off point; Each data point represents the proportion of 

participants who left school before the age of 16 per educational year (running from September to 

September). 

 

 

5.3.3 Bin Size Selection 

Both informal and formal approaches were used to select the optimal bin size. For the 

informal approach, plots of various bin sizes were visually compared  (Figure 5.3-Figure 5.5). 

Figure 5.3-5.5 show the graphs for the mean average spherical equivalent Three sets of 

graphs with bandwidths varying from 4 to 12 years are reported using bin sizes of 1, 2 ,3, 6 

and 12 months. All graphs provide us with the information about a discontinuity at the cut-off 
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points; however, the ones with the bin size of 1 and 2 months contain an excessive number 

of data points (288 and 144, respectively) for visual evaluation.  

 

Figure 5.3 Refractive error of UK Biobank participants (n = 62,812) in relation to year of birth. Each 

data point represents the mean refractive error. Data are plotted across a grid of bin sizes and 

bandwidths (4-6 years). 
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Figure 5.4 Refractive error of UK Biobank participants (n = 62,812) in relation to year of birth. Each 

data point represents the mean refractive error. Data are plotted across a grid of bin sizes and 

bandwidths (7-9 years) 
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Figure 5.5 Refractive error of UK Biobank participants (n = 62,812) in relation to year of 

birth. Each data point represents the mean refractive error. Data are plotted across a grid of 

bin sizes and bandwidths (10-12 years). 

For the formal method, an ANOVA was performed to select the optimal bin size (see 

Methods). Comparing bin sizes of 1, 2, 3, 6 or 12 months, the F-statistics and the 

corresponding p-value for the ANOVA suggested that any of the bin sizes could be 

used in the analyses. However, using the 12-month bin would have the advantage 

that month-of-birth effects acting between August and September would not 

contribute to any discontinuity at the cut-off point. Therefore, the main analyses in 

the current study were performed using a bin size of 1 month and with bin sizes of 

2, 3, 6 or 12 months as sensitivity analyses to test the results for robustness. 
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Bin size F-statistics P-value 

12 months 1.20 0.23 

6 months 1.34 0.06 

3 months 0.85 0.76 

2 months 0.94 0.70 

1 month Reference Reference 

Table 5.1 ANOVA results for selecting the optimal bin size. 

 

5.3.4 Effect of the ROSLA 1972 Reform on Refractive Error 

An OLS linear regression analysis was performed in the IV sample of UK Biobank 

participants born one year before to one year after the reform (n= 4,761) in order to 

test the null hypothesis that remaining at school after age 16 had no effect on 

refractive error. The null hypothesis was rejected: the estimated effect was a -0.75 

D (95% CI -0.96 to -0.54 D, p = 3.18E-12) difference in refractive error associated 

with completing 16 or more vs. 15 or fewer years of education.   

Likewise, the effect on refractive error associated with the ROSLA 1972 reform 

obtained by an OLS linear regression in the above sample of 4,761 participants was 

-0.18 D (95% CI -0.32 to -0.04 D, p= 0.01).  

These two results are consistent with the theory that additional years spent in 

education increase the risk of myopia, i.e. education is associated with a more 

negative refractive error. Importantly, however, conventional OLS analyses such as 

those above are susceptible to bias from confounding factors such as 

socioeconomic position and level of parental education (271, 376). Therefore, in 

order to provide a more accurate estimate of the causal effect of the ROSLA reform 

on refractive error a 2SLS instrumental variable analysis was performed, using the 

ROSLA reform as the instrumental variable. Applying the IV approach in the same 

sample of UK Biobank participants born one year before to one year after the reform 

(n = 4,761) the causal effect of educational attainment on refractive error was 

estimated to be -0.91 D (95% CI -1.68 to -0.14 D, p = 0.02).  The F-statistic from the 

first-stage regression was 245.4, confirming that the instrumental variable was not a 

‘weak instrument’(380). A regression discontinuity analysis was also carried out. For 

the RD analysis, an optimal bandwidth of 54.8 months (for bin size of 1 month) was 

selected, which resulted in a sample size of n = 21,548.  The estimated causal 
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effect using RD was -0.77 D (95% CI: -1.53 to -0.02, p = 0.04). The 2SLS and the 

regression discontinuity estimated showed no significant difference between them 

(independent samples t-test p = 0.80).  

In order to test the robustness of the results to the choice of bandwidth, the RD 

analysis was repeated at different bandwidths (for a bin width of 1 month). The 

causal effect estimates were consistent in terms of direction and magnitude (Table 

5.2 , Figure 5.6). 

Bin size 
Bandwidth 

(years)  
Observations Estimate (D) 95% CI P value 

1 month 1 4370 -1.17 -2.43 to 0.09 0.07 

1 month 2 9129 -0.60 -1.62 to 0.41 0.24 

1 month 3 13805 -0.72 -1.63 to 0.18 0.12 

1 month 4 18642 -0.79 -1.60 to 0.01 0.05 

1 month 5 23530 -0.76 -1.48 to -0.03 0.04 

1 month 6 28359 -0.76 -1.43 to -0.09 0.03 

1 month 7 33271 -0.71 -1.33 to -0.08 0.03 

1 month 8 38542 -0.66 -1.25 to -0.07 0.03 

1 month 9 44330 -0.63 -1.19 to -0.06 0.03 

1 month 10 50517 -0.56 -1.11 to -0.00 0.05 

1 month 11 57176 -0.45 -1.00 to 0.09 0.10 

1 month 12 62468 -0.39 -0.94 to 0.16 0.16 

Table 5.2  Regression discontinuity analyses estimated effect of ROSLA 1972 on refractive 

error for bin size of 1 month at different bandwidths. 
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Figure 5.6  Causal effect of ROSLA 1972 reform on refractive error for bin size 1 month at 

different bandwidths. Vertical dotted line represents no-effect; error bars represent 95% 

confidence interval. 

 

5.3.5 Heterogeneity in the Effect of the ROSLA 1972 Reform on Genetic Predisposition to 

Myopia 

In order to assess whether genetic predisposition to myopia had an impact on the 

effects of ROSLA 1972, UK Biobank participants in the IV Sample were stratified 

into sub-samples with either high (n = 2,360) or low (n = 2.401) genetic 

predisposition for myopia development, respectively. Both the conventional OLS 

linear regression analysis and the instrumental variable analysis showed suggestive 

evidence of heterogeneity in the effect of ROSLA 1972 on refractive error across 

strata. Specifically, in the stratum of UK Biobank individuals with a high genetic 

predisposition to myopia, the IV analysis estimated effect was -0.43 D (95% 

CI: -1.68 to 0.81, p = 0.56), whereas in the subsample with low genetic 

predisposition to myopia the causal effect estimate was -1.22 D (95% CI: -2.11 

to -0.34, p = 0.007). OLS analysis estimated the association in the subsample with 

high genetic predisposition to myopia  as -0.08 D (95% CI: -0.29 to 0.14, p = 0.07), 

while a larger effect size was apparent for the subsample with low genetic 

predisposition to myopia: -0.25 D (95% CI: -0.41 to -0.09, p = 0.005). However, an 
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independent samples t-test did not support the hypothesis that there was a 

meaningful level of heterogeneity in the effect of the reform across strata (p = 0.28 

and p = 0.30 for instrumental variable and OLS analyses, respectively). 

 

5.3.6 Sensitivity Analyses 

There was little evidence of ‘forcing variable manipulation’ around the cut-off point 

(McCrary density test for bin size 1 month, p = 0.21. Regarding the robustness of 

the results to the exact choice of bandwidth and bin size, the LATE estimates 

showed consistency in the magnitude and the direction of effect (Table 5.2, Figure 

5.7). 

To test for the presence of a discontinuity in the refractive error-education 

relationship at dates other than the true ROSLA cut-off point, the regression 

discontinuity analysis was carried out using ‘artificial’ cut-off dates, namely 2 years 

before or after September 1957. Both estimates were non-significant (p = 0.57 and 

p = 0.62, respectively). 
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Figure 5.7  Causal effect of ROSLA 1972 reform on refractive error for different bin sizes at 

different bandwidths. Vertical dotted line represent no-effect; error bars represent 95% 

confidence intervals. 

 

5.4 Discussion 

In the current study, the ROSLA 1972 educational reform was used as a natural 

experiment to assess the causality of the association between educational 

attainment and refractive error. The discontinuity in educational exposure generated 

by ROSLA 1972 for those born after September 1957 made it possible to estimate 

the causal effect of the reform on refractive error with less bias from confounding 

factors than would be the case with conventional OLS analysis. UK Biobank 
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individuals affected by the reform had a shift in refractive error towards myopia. 

Estimates from both regression discontinuity and instrumental variable analyses 

were consistent in terms of magnitude and direction; however, the sample size of 

the current study was limited to the UK Biobank individuals born close to the cut-off 

date. This resulted in the low precision of the estimate (namely, within the range of -

1.68 to -0.02 D), meaning that the true effect could be modest. A larger sample size 

would be required in order to increase the precision of the estimated effect of 

education on refractive error. 

The heterogeneity in the effects of ROSLA 1972 across strata of highest 

educational qualification Figure 5.8) confirms previous suggestions that people in the 

lower tail of the educational attainment distribution were more affected by the reform 

than those who may have stayed on at school irrespective of the reform (381).  

Suggestive evidence of heterogeneity in the effect of reform was found after 

stratifying the sample using the binary PRS for refractive error. The data suggested 

that individuals with a low genetic risk for myopia responded more to the additional 

year of education rather those at high risk of myopia.    
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Figure 5.8   Educational discontinuity in UK Biobank participants stratified by educational qualification. Vertical line represents the cut-off date; data points 

represent mean educational attainment (age completed full time education) for the bin size of 3 months.  



117 
 

The regression discontinuity design allows to estimate the causal effect of an 

epidemiological exposure when it is not possible to conduct a randomized controlled 

trial. The major strength of the regression discontinuity design is its ability to 

balance confounders in the exposed and unexposed groups, as the participants in 

the groups just before and just after the cut-off point differ only in treatment 

assignment but – in theory – not in measured or unmeasured confounders (382).  

Strengths of this study were that refractive error in UK Biobank participants was 

measured using a reliable objective method (autorefraction) and that both the month 

and as well as the year of birth were known. In order to avoid the effect of 

population stratification, the sample was restricted to individuals with white British 

genetic ancestry. Weaknesses of the study included the fact that well-educated 

people are overrepresented in UK Biobank, i.e. selection bias. To address this, 

inverse probability weighting was used. Variation of refractive error and educational 

attainment has been found in relation to season or month of birth (383, 384). To limit 

bias from month of birth, sensitivity analyses were carried out using a 12-month bin 

size allowed to exclude the impact of month of birth related effects. 

The current study provided support for the theory that education is a causal risk 

factor for myopia. However, the study design did not allow me to explore the 

biological mechanism of the effect. Notably, the estimated effect reflects the 

influence of the educational reform per se and is not necessarily equal to the 

average effect of an additional year of education. Instead, it encompasses the effect 

of potentially dramatic changes in educational exposure and attainment for 

individuals born just before vs. after the cut-off point. 
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6 Chapter 6. Hyperopia and Educational Attainment: Assessing Causality by Non-linear Mendelian Randomisation  

 

6.1 Introduction 

It has been suggested that children require good vision in order to benefit fully from 

schooling in terms of their educational attainment and academic achievement (221). 

Children with hyperopia need to make more accommodative effort to perform near 

viewing tasks such as reading (223). A plethora of epidemiological studies have 

investigated the effect of uncorrected hyperopic refractive error on academic 

achievements (214, 224, 385, 386). A US-based study in 492 pre-schoolers aged 4-

5 years showed an association of uncorrected hyperopia ≥ +4.00 D with reduced 

scores in a test of early literacy (225). A pilot study in 41 children aged 4 to 7 years 

reported a significant difference in early literacy skills (p< 0.05) in children with 

hyperopia ≥ +2.00 D in comparison with those with emmetropia (386). In a study 

conducted in Wales, a group of 1,298 8-years-old children underwent a screening 

for hyperopia; those who failed the fogging test were referred to an optometrist to 

assess the refractive error. A subsequent analysis of the school test results (SATs 

and NFERs) was performed in order to examine the association between hyperopic 

refractive error and the test results (214). The study reported lower SAT test scores 

in the children with hyperopia > +3.00 D in comparison with the non-referred group 

(SAT results: proportion of attaining CSI level 2; 79.5% vs. 85.9%) with a similar 

trend in the NFER results.  

Even the existing evidence from observational studies suggests that children with 

uncorrected hyperopia have poorer educational outcomes (214, 224, 226). 

However, such a relationship might instead reflect the causal relationship between 

education and myopia. In other words, children who spend the least time in 

education are less likely to develop myopia and therefore they are more likely to be 

emmetropic (Section 1.2) or hyperopic (Section 1.4) instead.   

Causality in the relationship between refractive error and educational attainment has 

been tested in a recently published bi-directional Mendelian randomisation (MR) 

study (46). This existing MR study found no evidence to suggest a non-zero causal 

effect of refractive error on time spent in full time education (the number of years of 

schooling associated with a +1.00 D increase in refractive error was -0.008 years/D, 

95% CI -0.041 to 0.025, p = 0.60). However, the aforementioned MR study was 

performed under the assumption that the association between the exposure and the 

outcome is linear. It has been shown that in some cases the true association is non-
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linear, e.g. the association between the body mass index and all-cause mortality 

(387, 388); and it is important to assess the shape of the true association and to 

estimate the effect when the assumption of linearity is not fulfilled. 

The aim here was to test for evidence of a causal relationship between hyperopia 

and educational attainment, using non-linear MR (NLMR). 

 

6.2 Methods 

 

6.2.1 Selection of Participants 

Analyses in the current study were restricted to unrelated UK Biobank participants 

of White British genetic ancestry as defined by Bycroft et al. (245). Those 

withdrawing consent were excluded from the analyses as were those without 

EduYears data (as defined in Section 2.1.1). This resulted in 272,588 participants; 

among them 61,158 individuals had valid data on average mean spherical 

equivalent refractive error (Section 2.1.2) and no medical record-reported or self-

reported eye trauma or ocular surgery. Only participants with valid data on 

polygenic risk scores for refractive error were selected for the final sample (NLMR 

sample), which comprised of 60,988 individuals. 
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Figure 6.1 Selection of participants for linear and non-linear Mendelian randomisation 

analysis 

 

6.2.2 Instrumental Variables for Mendelian Randomisation 

A total of 161 genetic variants robustly associated with refractive error (p < 5 × 10E-

08) in the large GWAS meta-analysis of studies carried out by the CREAM 

Consortium and the 23andME personal genomics company (Section 2.3.2) (238) 

were used for instrumental variable selection. Further selection was based on the 

criteria adopted by Wood and Guggenheim (389). Of the 161 variants, 149 

successfully replicated in an independent sample of 95,505 UK Biobank individuals 
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(390) and after exclusion of 18 variants in linkage disequilibrium with another SNP 

in the set, a total of 131 SNP was used in the main analysis (Table 6.1). 

SNP 
Effect 
Allele 

Reference 
Allele Effect size SE P-value 

rs10122788 G A 0.103 0.016 1.82E-10 

rs10187371 T C 0.066 0.015 1.25E-05 

rs10458138 A G -0.095 0.018 1.36E-07 

rs10500355 A T -0.099 0.018 4.53E-08 

rs10511652 A G -0.123 0.018 4.14E-12 

rs1064583 G A -0.089 0.015 8.22E-09 

rs10760673 A G -0.114 0.016 3.13E-12 

rs10853531 A A -0.101 0.017 1.60E-09 

rs10880855 T C -0.099 0.015 7.72E-11 

rs10887262 C T -0.072 0.015 2.12E-06 

rs11088317 T C 0.117 0.028 2.03E-05 

rs11101263 T C 0.075 0.020 1.34E-04 

rs11118367 T C -0.126 0.022 7.86E-09 

rs11145465 A C -0.051 0.020 1.09E-02 

rs11178469 C T 0.094 0.015 7.29E-10 

rs11202736 T A -0.088 0.017 1.66E-07 

rs11210537 A G 0.066 0.018 1.59E-04 

rs1150687 C T -0.135 0.016 3.61E-17 

rs115152181 A T 0.174 0.026 2.90E-11 

rs11589487 A G -0.194 0.019 5.01E-24 

rs11602008 T A -0.043 0.016 8.80E-03 

rs11654644 T C -0.085 0.017 3.07E-07 

rs117735470 A G -0.047 0.015 1.83E-03 

rs11802995 C A -0.048 0.016 2.29E-03 

rs11952819 T C 0.069 0.016 2.26E-05 

rs12193446 G A 0.099 0.015 6.68E-11 

rs1237670 G A 0.035 0.015 2.09E-02 

rs12451582 A G -0.094 0.017 4.92E-08 

rs12526735 A T 0.133 0.019 1.73E-12 

rs12883788 T C -0.111 0.019 8.93E-09 

rs12898755 A G -0.350 0.047 1.31E-13 

rs12965607 G T -0.120 0.015 3.26E-15 

rs1313240 C T -0.031 0.017 6.77E-02 

rs1358684 C T -0.084 0.018 4.65E-06 

rs1359543 G A 0.034 0.016 2.65E-02 

rs1454776 G T -0.075 0.018 3.82E-05 

rs1532278 T C 0.071 0.016 1.18E-05 

rs1555075 T C 0.072 0.015 2.73E-06 

rs1556867 T C -0.059 0.015 1.32E-04 

rs1649068 A C 0.073 0.016 5.09E-06 

rs17032696 C A 0.220 0.016 2.31E-45 

rs17125093 A G 0.085 0.015 2.13E-08 

rs17382981 T C -0.082 0.015 8.94E-08 
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rs17428076 G C 0.415 0.026 2.62E-59 

rs1790165 A C 0.052 0.016 1.39E-03 

rs1858001 G C -0.062 0.017 2.49E-04 

rs1928175 G A -0.281 0.069 5.15E-05 

rs1954761 T C 0.062 0.015 5.99E-05 

rs1969091 A C -0.037 0.015 1.56E-02 

rs1983554 A T 0.131 0.019 1.67E-12 

rs2116093 C G -0.097 0.022 1.33E-05 

rs2143964 G C 0.070 0.016 2.06E-05 

rs2150458 A G 0.068 0.019 2.76E-04 

rs2155413 A C 0.081 0.016 3.22E-07 

rs2166181 G A -0.055 0.016 5.14E-04 

rs2225986 A T 0.105 0.016 3.17E-11 

rs2229742 C G -0.081 0.018 1.06E-05 

rs235770 T C -0.113 0.018 4.29E-10 

rs2573210 G A -0.078 0.019 3.24E-05 

rs2573232 C C -0.048 0.015 1.61E-03 

rs2622646 A C -0.095 0.017 2.04E-08 

rs2745953 T A -0.071 0.015 3.01E-06 

rs28471081 G A -0.061 0.016 1.23E-04 

rs284818 T C 0.071 0.015 2.97E-06 

rs2855530 C G -0.136 0.016 3.26E-18 

rs28658452 G A -0.112 0.017 1.55E-11 

rs2908972 A T 0.050 0.017 2.47E-03 

rs297593 T C -0.052 0.015 6.25E-04 

rs3110134 A G 0.079 0.016 6.69E-07 

rs3138137 A C -0.099 0.019 1.43E-07 

rs34539187 G C 0.131 0.017 4.24E-14 

rs35337422 C A 0.048 0.016 2.38E-03 

rs36024104 G A -0.238 0.020 7.99E-32 

rs41393947 A G 0.044 0.015 4.03E-03 

rs4237285 T C -0.092 0.015 2.58E-09 

rs4260345 C T -0.102 0.016 7.67E-11 

rs4687586 G C 0.054 0.015 4.01E-04 

rs4764038 T G -0.048 0.017 3.90E-03 

rs4793501 C T 0.074 0.015 1.34E-06 

rs4795364 G A -0.260 0.029 1.05E-18 

rs4808962 G A -0.069 0.016 2.49E-05 

rs4894529 A G -0.091 0.017 1.69E-07 

rs511217 T A -0.041 0.017 1.38E-02 

rs524952 A T -0.069 0.026 7.61E-03 

rs5442 A G -0.068 0.015 7.75E-06 

rs55885222 A C 0.118 0.015 1.34E-14 

rs56014528 T G 0.056 0.018 2.02E-03 

rs56055503 G A -0.073 0.016 3.45E-06 

rs56075542 G T 0.058 0.016 2.33E-04 

rs62070229 G A -0.092 0.017 9.41E-08 

rs6420484 A G 0.050 0.015 9.44E-04 
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rs6433704 G T -0.116 0.015 4.25E-14 

rs6495367 A G 0.104 0.015 4.37E-12 

rs6753137 T C 0.084 0.015 2.77E-08 

rs7042950 G A -0.093 0.019 1.31E-06 

rs7107014 A A -0.106 0.015 1.90E-12 

rs7122817 A G -0.111 0.017 1.25E-10 

rs7207217 A G -0.080 0.017 1.63E-06 

rs72655575 A C -0.073 0.019 1.08E-04 

rs72826094 T A 0.106 0.021 4.22E-07 

rs7337610 T C -0.065 0.021 2.45E-03 

rs73730144 C A -0.264 0.015 9.69E-69 

rs7449443 G T 0.124 0.022 2.63E-08 

rs74764079 A T 0.135 0.019 4.38E-13 

rs7624084 C T -0.149 0.015 1.55E-22 

rs7662551 G A 0.075 0.017 6.69E-06 

rs7667446 C T 0.115 0.019 9.15E-10 

rs7737179 A G -0.158 0.016 6.70E-23 

rs7744813 C A 0.047 0.018 9.40E-03 

rs7747 T C 0.038 0.016 1.38E-02 

rs7829127 G A -0.123 0.016 6.07E-15 

rs7895108 T G -0.075 0.015 1.07E-06 

rs7933504 G A -0.125 0.019 1.46E-10 

rs7941828 T C -0.082 0.017 2.32E-06 

rs7968679 G A -0.078 0.020 6.78E-05 

rs7971334 T G 0.093 0.016 3.57E-09 

rs807037 G C -0.115 0.020 7.26E-09 

rs8073754 T C 0.073 0.015 2.32E-06 

rs8075280 A T -0.044 0.016 4.81E-03 

rs837323 T C -0.080 0.016 4.55E-07 

rs9295499 A C 0.086 0.019 3.75E-06 

rs931302 T C -0.130 0.021 4.51E-10 

rs9388766 T C -0.057 0.020 4.76E-03 

rs9395623 A T -0.066 0.015 2.11E-05 

rs9416017 T C 0.067 0.016 2.28E-05 

rs9516194 A G -0.157 0.024 1.57E-10 

rs9517964 C T -0.049 0.017 2.90E-03 

rs9547035 G T -0.046 0.042 2.70E-01 

rs9606967 C G 0.086 0.015 1.74E-08 

rs9680365 A G -0.026 0.019 1.62E-01 

rs9681162 C T -0.066 0.016 4.96E-05 

 

Table 6.1 The association of the 131 SNP selected for the main analysis with refractive error 

in the sample of 60,988 UK Biobank participants.  
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The degree of the association of each of 131 aforementioned individual genetic 

variants with refractive error was assessed one-by-one using a series of 131 linear 

regression analyses (Equation 6.1) in the sample of 60,988 UK Biobank individuals.  

𝑅𝐸 = 𝛽0 + 𝛽1𝑆𝑁𝑃 + 𝛽2 𝑐𝑜𝑣1 + ⋯ + 𝛽𝑖𝑐𝑜𝑣𝑖−1 + 𝜀 

Equation 6.1 Linear model equation. RE = refractive error, SNP = genotype of test SNP 

(coded as 0,1 or 2), Cov1 …Covi-1 = set of covariates, 𝛽1 = regression coefficient for PRS, ε = 

error term. 

A polygenic risk score (PRS) for refractive error was calculated (Equation 6.2), using 

beta coefficients from the SNP-refractive error regression as weights in the sample 

of 60,988 UK Biobank individuals.  

𝑃𝑅𝑆 =  ∑ 𝛽𝑚 × 

𝑛

𝑚=1

𝑋𝑚 

Equation 6.2 PRS = polygenic risk score for refractive error, 𝑋𝑚 = number of effect alleles (0, 

1 or 2) of individual genetic variant m, 𝛽𝑚 = weight of individual genetic variant, n = number 

of SNP included (n=131). 

 

The variance in refractive error explained by the PRS was assessed in the NLMR 

sample by performing two linear regressions : (1) baseline model with refractive 

error as the response variable and age, sex, genotyping array, Townsend 

Deprivation Index, and first five ancestry principal components (PC1-5) as 

explanatory variables; (2) full model with the PRS included as an additional 

explanatory variable. The variance in refractive error explained by PRS was 

calculated as the difference in adjusted R2 of the full and baseline models (Equation 

6.3). 

𝑉𝑎𝑟𝑅𝐸 =  𝑎𝑑𝑗𝑅2 𝐹𝑢𝑙𝑙 −  𝑎𝑑𝑗𝑅2 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 

Equation 6.3 Variance in refractive error explained by PRS; VarRE  = variance in refractive 

error, 𝑎𝑑𝑗𝑅2 𝐹𝑢𝑙𝑙 = adjusted coefficient of determination of the full model, 𝑎𝑑𝑗𝑅2 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 = 

adjusted coefficient of determination of the baseline model. 
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6.2.3 Observational Analysis, Linear and Non-linear Mendelian Randomisation 

A linear regression was performed in order to estimate the observational association 

between refractive error and EduYears in the final sample of 60,988 UK Biobank 

individuals. Then, the regression was repeated with adjustment for age, gender, 

Townsend Deprivation Index, genotyping array and the first 5 ancestry principal 

components. Inclusion of ancestry principal components was done to provide 

additional protection from potential bias due to population stratification.   

A one-sample linear Mendelian randomisation analysis with refractive error as the 

exposure variable and with EduYears as the outcome was carried out in the same 

sample of 60,988 individuals using the AER R package. The two stage least 

squares model (Section 2.4.2) was used, with the PRS for refractive error (Equation 

6.2) as the instrumental variable. The first-stage F-statistics was assessed to 

determine if the PRS was a ‘weak instrument’ (340).  A statistical approach 

proposed by Brion et al. (391) and implemented in the mRnd online tool 

(https://shiny.cnsgenomics.com/mRnd/) was used to assess the statistical power of 

the analysis for a type-I error rate α = 0.05. 

A non-linear Mendelian randomisation does not rely on the assumption that the 

effect of the exposure on the outcome is linear. In order to perform a non-linear 

Mendelian randomisation analyses, the NLMR sample was first stratified into 10 

deciles using the refractive error distribution. The 10 refractive error deciles were 

selected based on the residual refractive error (‘genetic risk-free’). Residual 

refractive error can be explained as an IV-free exposure; or the exposure, free of 

genetic risk. Genetic risk in that case was calculated as the effect of all SNP in the 

PRS for refractive error (Equation 6.4). 

𝑅𝐸 =  𝛽0 + 𝛽1𝑃𝑅𝑆 +  𝜒 

Equation 6.4 Calculation of Residual Refractive Error. RE = refractive error, PRS = polygenic 

risk score for refractive error, 𝛽1 = regression coefficient for PRS, 𝜒 = residual refractive 

error. 

Residual refractive error was calculated using the lm function in R-3.5.0 statistical 

software in two steps. In the first step, refractive error was regressed on the PRS in 

the NLMR sample. Next, the residuals from the regression (i.e. the IV-free 

exposure) were obtained. Stratification of the sample on the IV-free exposure allows 

https://shiny.cnsgenomics.com/mRnd/
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to avoid a violation of one of the core IV assumption (Section 2.4.2) that could be 

induced when stratifying the sample into quantiles of the exposure directly (392). 

Two approaches were applied to implement the non-linear Mendelian randomisation 

analysis: (1) a 2SLS analysis was performed in each of the 10 residual refractive 

error deciles using the PRS for refractive error as an instrument; (2) an inverse 

variance weighted Mendelian randomisation (IVW; Section 2.4.3) was carried out in 

each of the 10 deciles using all 131 SNP as discrete instrumental variables. Note 

that for the latter analysis using 131 SNP as instrumental variables, the beta 

coefficients quantifying the SNP-exposure association (Equation 6.1) were 

calculated within each decile. 

Next, Cochran’s Q test was used to test for heterogeneity in the estimates obtained 

in the 10 refractive error deciles using the rma command in the R package metafor.  

 

6.2.4 Sensitivity Analysis Using SNP for PRS from an Independent GWAS 

In the NLMR analyses described above, the SNP weights for constructing the PRS 

for avMSE were derived using the same dataset in which the NLMR analysis was 

carried out (due to the absence of published summary statistics of a very large 

GWAS for refractive error). Non-independency of the discovery and validation 

samples can lead to the over-estimation of the accuracy of prediction (393); hence, 

the results of the main analysis could have been biased. Therefore, a sensitivity 

analysis was performed using summary statistics from an independent GWAS for 

Age of Onset of Spectacle Wear (AOSW)-inferred mean spherical equivalent in 

287,448 UK Biobank participants (317) (note that there was no overlap between the 

AOSW-inferred refractive error sample and the NLMR sample). A total of 15,735 

SNP were genome-wide significantly associated (p< 5E-08) with AOSW-inferred 

refractive error. After excluding variants within ±500 kb from the lead SNP in each 

region, or those having a pairwise LD of r² > 0.2 with the lead variant, there were 

170 SNP independently associated with the trait. The strength of the association of 

each of the 170 SNP (GWAS β coefficient) was used as weight for PRS 

construction in the NLMR sample, using the PLINK 1.9 (‘--score’ command) (Figure 

6.2). Non-linear MR analysis was carried out as described above. 
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6.2.5 Simulations 

A simulation study was carried out in order to assess the power of non-linear MR to 

detect a causal effect of refractive error on educational attainment in the NLMR 

sample. A (simulated) specific period of education was subtracted from the existing 

educational level of participants with hyperopia exceeding a specific threshold level, 

followed by a test of whether the resulting non-linear relationship between refractive 

error and educational level could be detected by non-linear Mendelian 

randomisation. Power was calculated as the proportion of simulations in which the 

non-linear relationship was detected. To implement the simulation, first, the 

observed EduYears values were permuted (i.e. randomly re-assigned amongst 

participants without replacement) in order to break any existing link between 

refractive error and education level. Next, a specific period of education 

(‘ΔEduYears’; varying from 0.05 to 1.00 year of education, in steps of 0.05) was 

subtracted from the individual’s permuted EduYears value for a proportion of 

participants (‘ΔParticipants’; 0.5 to 1.0 in steps of 0.1) with refractive error equal to 

or higher than a threshold level of hyperopia (‘τHyperopia’; +1.00 D, +2.00 D, or 

+3.00 D). The resulting level of education, or ‘EduYearNew’ can be presented as 

follows: EduYearsNew = permuted EduYears – ΔEduYears. The steps described 

above were repeated 100 times per condition (100 replicates × 20 ΔEduYears 

levels × 6 ΔParticipants levels × 3 τHyperopia levels = 36,000 permutations in total). 

Statistical power was calculated as the proportion of permutations in which two 

conditions were met: (1) the null hypothesis of no heterogeneity was rejected         

(p < 0.05 for Cochran’s Q test) and (2) the MR analysis detected a causal effect     

(p <  0.05 for the test of a causal effect in that decile) for at least one of the 

hyperopic deciles, i.e. deciles 6, 7, 8, 9 or 10.  

 

6.3 Results 

In the NLMR sample, 52.5% of participants were female and 36.6% had a University 

or college degree (Table 6.2). Mean educational attainment was 18.3 years, with a 

standard deviation (SD) of 2.5 years. Mean age of participants in UK Biobank who 

met the study inclusion criteria was 57.8 (SD 7.8) years and the mean refractive 

error was -0.27 (SD 2.67) Dioptres (D). 
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Characteristic   All NLMR Excluded P-value 

    n = 502,543 n = 60,988 n = 441,555   

Female gender N (%) 264,579 (54.2%) 31,990 (52.5%) 232,589 (54.5%) 4.40E-20 

University or college degree N (%) 163,534 (33.0%) 22,342 (36.6%) 141,192 (32.4%) 1.30E-94 

Refractive error(D)* Mean (SD) -0.33 (2.71) -0.27 (2.67) -0.38 (2.73) 4.10E-14 

Age (years) Mean (SD) 57.12 (8.11) 57.77 (7.83) 57.03 (8.14) <1.0E-99 

Townsend Deprivation Index Mean (SD) -1.29 (3.10) -1.42 (2.81) -1.28 (3.13) 3.70E-31 

EduYears (years)ⴕ Mean (SD) 18.07 (2.54) 18.27 (2.50) 18.04 (2.55) <1.0E-99 

 

Table 6.2 Demographics of the full UK Biobank sample, NLMR sample and the sample excluded from the main analyses  

*Refractive error data was available for 129,739 UK Biobank participants; 

 ⴕ EduYears data was available for 488,295 UK Biobank participants 
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Maximum and minimum values of residual refractive error for the residual refractive 

error deciles are presented in Table 6.3. 

Decile 
EduYears 

(Years) 
Refractive error (D)  Residual refractive error (D) 

Minimum Maximum Minimum Maximum 

1 19.26 -22.60 -1.82 -21.89 -3.29 

2 18.93 -5.81 0.50 -3.29 -1.53 

3 18.54 -3.76 1.42 -1.53 -0.61 

4 18.38 -2.86 1.81 -0.61 -0.07 

5 18.28 -2.37 2.43 -0.07 0.36 

6 18.18 -2.09 2.47 0.36 0.77 

7 18.04 -1.55 3.30 0.77 1.20 

8 17.90 -1.08 3.73 1.20 1.73 

9 17.72 -0.66 5.21 1.73 2.58 

10 17.50 0.18 13.96 2.58 14.76 

Table 6.3 Mean EduYears and minimum and maximum refractive error values for each 

decile after stratifying by residual refractive error. 

In the observational analysis (OLS regression) in the full NLMR sample, a negative 

association between refractive error and educational attainment was found; a more 

positive refractive error was associated with a reduction in EduYears. Each 

additional Dioptre of refractive error was associated with 9.5 weeks (β = -0.18 years, 

95% CI -0.19 to -0.17, p < 2E-16) less time in full-time education. The estimated 

effect was similar after adjusting for the potential confounders age, gender, and 

socioeconomic position (β = -0.15 years/D, 95% CI -0.16 to -0.15, p < 2.2E-16). 

The PRS for refractive error explained 6.7% of the variance in refractive error in the 

NLMR sample. With linear Mendelian randomisation, which assumed the refractive 

error vs. years of education relationship was linear, the estimated causal effect of 

refractive error on educational attainment was β = -0.02 years/D (95% CI -0.04 to 

0.01, p = 0.15). There was strong statistical support to suggest the linear MR 

estimate was different from the OLS regression effect size (Wu-Hausman test 

statistics = 94.4, p < 2E-16), suggesting the influence of unmeasured confounders 

on the OLS estimate. The linear MR analysis had 80% power to detect a causal 

effect of refractive error on educational attainment of at least -0.04 years/D (2 weeks 

reduction in EduYears per Dioptre) in the same NLMR sample of 60,988 UK 

Biobank individuals (Figure 6.2). 
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Figure 6.2 Power calculation of linear Mendelian randomisation for sample of 60,988 

participants. The dotted line indicates 80% power. 

After regressing out the effect of the genetic predisposition to refractive error and 

dividing the NLMR sample into deciles of residual refractive error, myopic 

participants were restricted to deciles 1-4 while hyperopic participants were 

restricted to deciles 5-10. Non-linear Mendelian randomisation using the PRS for 

refractive error as an instrumental variable estimated a causal effect ranging 

from -0.15 years/D to +0.09 years/D in each decile (Figure 6.3, panel A). There was 

evidence supporting a non-zero causal effect only for deciles 3 and 4 (p = 2.3E-04 

and p = 8.7E-03, respectively), which corresponded to participants with refractive 

errors within the range -0.07 D to -1.53 D. There was no evidence to suggest that 

having hyperopia (deciles 6 to 10) had a causal effect on educational attainment. 

There was evidence of heterogeneity across strata (I2 = 62.8%; Cochran’s Q = 23.3, 

p = 5.5E-03).  

The non-linear MR estimated effect of refractive error on educational attainment 

within refractive error deciles are presented in Table 6.4-Table 6.5.
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Quantile Effect SE p-value 95% CI 

1 0.016 0.031 0.611 -0.045 to 0.077 

2 -0.046 0.038 0.233 -0.121 to 0.029 

3 -0.151 0.040 0.0002 -0.229 to -0.072 

4 -0.114 0.047 0.016 -0.208 to -0.021 

5 -0.066 0.052 0.210 -0.168 to 0.037 

6 0.020 0.052 0.706 -0.083 to 0.123 

7 0.000 0.053 0.999 -0.103 to 0.103 

8 0.074 0.051 0.143 -0.025 to 0.174 

9 0.011 0.046 0.803 -0.079 to 0.102 

10 -0.020 0.034 0.549 -0.087 to 0.046 

Table 6.4 Estimated NLMR causal effect of refractive error on educational attainment within 

each decile, 2SLS approach. The effect is expressed in units EduYears per Dioptre. 

 

Quantile Effect SE p-value 95% CI 

1 0.019 0.029 0.517 -0.038 to 0.076 

2 -0.052 0.037 0.158              -0.123 to 0.020 

3 -0.147 0.039 0.0002  -0.223 to -0.070 

4 -0.107 0.053 0.042  -0.210 to -0.004 

5 -0.079 0.059 0.177 -0.195 to 0.036 

6 0.026 0.059 0.663 -0.090 to 0.142 

7 0.017 0.065 0.794 -0.110 to 0.143 

8 0.076 0.054 0.159 -0.030 to 0.182 

9 0.019 0.047 0.685 -0.073 to 0.111 

10 -0.026 0.030 0.387 -0.086 to 0.033 

Table 6.5 Estimated NLMR causal effect of refractive error on educational attainment within 

each decile, IVW approach. The effect is expressed in units EduYears per Dioptre. 

It has been shown previously that most genetic variants associated with refractive 

error have effect sizes that vary markedly between individuals, indicating possible 

influence of gene-gene or gene-environment interactions (394). In that study (394), 

the effect of genetic variants was higher in individuals with more myopic or more 

hyperopic refractions in comparison with those with emmetropic refractions. As the 

non-linear MR analysis using the PRS for refractive error as an instrumental 

variable did not account for this non-uniform effect size across deciles, a non-linear 

IVW MR with 131 discrete genetic variants as instrumental variables (rather than the 

PRS) was carried out. Hence, the difference in the SNP vs. refractive error 

association across deciles was taken into account. 
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The pattern of results (Figure 6.3, panel B) was very similar to that of the original 

non-linear MR analysis (Figure 6.3, panel A). There was evidence of heterogeneity 

across strata (I2 = 61.9%: Cochran’s Q test statistics = 22.8, p = 6.7E-03) and the 

only deciles with evidence of a causal relationship between refractive error and 

educational attainment were deciles 3 and 4 (p = 1.2E-04 and p = 2.8E-02, 

respectively), corresponding to individuals with low levels of myopia. 

 

Figure 6.3 Non-linear Mendelian randomisation analysis in the NLMR sample stratified by 

residual refractive error. (A) 2SLS using the PRS for refractive error as an instrumental 

variable and (B) IVW meta-analysis of 131 discrete SNP used as instrumental variables. 

Points represent the estimated causal effect of refractive error on educational attainment 

(EduYears per Dioptre) within each decile; error bars represent 95% confidence intervals; 

the dashed line depicts no causal effect; the blue line represents the smoothed conditional 

mean; the grey shaded region represents 95% confidence interval of the smoothed 

conditional mean. 

 

A 2 SLS non-linear Mendelian randomisation using a PRS with SNP weights 

derived from a GWAS for AOSW-inferred refractive error was performed as a 
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sensitivity analysis to avoid over-fitting which may arise when using 1-sample MR, 

i.e. the same discovery and validation sample. The estimated effect for each 

stratum is presented in Table 6.6. The pattern of results was similar to that of the 

main analysis, indicating minimal bias due to the use of a non-independent sample 

for deriving the SNP weights for the PRS (Figure 6.4). 

 

Quantile Effect SE p-value  95% CI 

1 0.044 0.042 0.298 -0.038 to 0.126 

2 -0.024 0.050 0.638 -0.122 to 0.074 

3 -0.181 0.050 0.0003 -0.280 to -0.082 

4 -0.188 0.060 0.002 -0.304 to -0.071 

5 -0.074 0.064 0.251 -0.199 to 0.051 

6 -0.120 0.066 0.069 -0.249 to 0.009 

7 -0.072 0.064 0.262 -0.198 to 0.054 

8 0.013 0.062 0.833 -0.110 to 0.137 

9 0.030 0.060 0.621 -0.087 to 0.146 

10 -0.019 0.044 0.661 -0.106 to 0.067 

Table 6.6 Estimated effect of refractive error on educational attainment within each decile, 

2SLS approach using a PRS with SNP weights from an independent GWAS for AOSW-

inferred refractive error.  

 

 



135 
 

Figure 6.4 Non-linear Mendelian randomisation analysis in the NLMR sample stratified by 

residual refractive error. 2SLS using the PRS for refractive error (using SNP weights derived 

from the GWAS for AOSW-inferred avMSE) as an instrumental variable. Points represent 

the estimated causal effect of refractive error on educational attainment (EduYears per 

Dioptre) within each decile; error bars represent 95% confidence intervals; the dashed line 

depicts no causal effect; the blue line represents the smoothed conditional mean; the grey 

shaded region represents 95% confidence interval of the smoothed conditional mean. 

A comprehensive set of simulations was performed to assess the statistical power 

of the non-linear MR analyses to detect a causal effect of hyperopia on educational 

attainment. The results, shown in Figure 6.4, demonstrated that power increased 

when one of the following conditions was met: 

1) the simulated causal effect size (ΔEduYears) increased,  

2) when a larger proportion of participants (ΔParticipants) was affected by the 

causal effect. 

3)  and when the threshold level of hyperopia (τHyperopia) at which a causal 

effect arose decreased.  
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Figure 6.5 Non-linear MR power simulations. Power to detect both non-linearity of the causal 

relationship between refractive error and educational attainment and a causal effect in a 

hyperopic decile. Power is plotted as a function of causal effect size (ΔEduYears). Coloured 

lines represent the proportion of participants (ΔParticipants) with refractive error above a 

threshold level of hyperopia (τHyperopia; +1.00 D, +2.00 D and +3.00 D in panels A-C, 

respectively). 
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When τHyperopia was +1.00 D and ΔParticipants was 1.0, the study had 80% 

power to detect an effect of ΔEduYears ≤ -0.3 years, i.e. when all individuals with 

hyperopia of at least +1.00 D received 4 months or less education. When 

τHyperopia was +3.00 D and ΔParticipants was 1.0, the study had 80% power to 

detect an effect of ΔEduYears ≤ -0.55 years. 

 

6.4 Discussion 

This analysis supported the hypothesis that the relationship between refractive error 

and EduYears is non-linear, but did not support the hypothesis that hyperopia is a 

causal risk factor for educational attainment. Specifically, the results of this study 

suggested a small causal effect of short-sightedness on education of approximately 

8 weeks more education per Dioptre of less myopia (i.e. -0.15 years/D, 95% 

CI -0.23 to -0.07), but no causal effect of far-sightedness on education. 

The non-linear Mendelian randomisation undertaken here is, to date, the first study 

to assess the causality in the association between refractive error and education 

attainment without making the assumption that this relationship is linear.  

The estimated causal effect had 95% confidence intervals that did not overlap zero 

only in deciles with a moderate and low level of myopia, not in deciles of participants 

with hyperopia. Thus, the current analysis did not support the main hypothesis of 

hyperopia being a causal risk factor for lower educational attainment. 

The current study was performed as a one-sample MR, where the estimated causal 

effect of the outcome on the exposure can be described as a ratio of the two 

estimates (Wald estimate; Section 2.4.2) (272). The numerator in this case is the 

effect of the PRS on the outcome (βy) and the denominator is the effect of the PRS 

on the exposure (βx) (Figure 6.6). 
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Figure 6.6 Causal Diagram. U is the set of unmeasured confounders of the exposure-

outcome association. 

Data on the instrumental variable (PRS), exposure (avMSE) and the outcome 

(EduYears) were available in UK Biobank, making it possible to use the 1-sample 

MR design. 

Strengths of this study were the large sample size of 60,988 UK Biobank 

participants and that the refractive error was measured using an objective, 

standardised method (autorefractometry). Given the sample size, the MR analysis 

assuming a linear relationship between refractive error and years in education had 

approximately 80% power to detect even a modest causal effect; namely, a 2-week 

decrease in full-time education per Dioptre of hyperopia. However, power was much 

lower for the non-linear MR analyses. For instance, if only individuals with at least 

+3.00 D of hyperopia were affected, then the study had approximately 80% power 

to detect a causal effect of between a half and a full year less education. 

To reduce the likelihood of bias due to population stratification, the study was limited 

to individuals of white British genetic ancestry. In addition, the first five ancestry 

principal components were included in the main analysis, thereby providing further 

protection from population stratification-induced bias. The genetic variants selected 

for constructing the PRS for refractive error were strongly associated with the 

phenotype of interest in a GWAS (238), satisfying the first MR assumption. 

However, as their biological roles are not clear, strong assumptions had to be made 

that these variants satisfied the second and the third MR assumptions. Indeed, the 

second and the third MR assumptions are untestable in practice (340) . 

One of the limitations of the study was that the effect size quantifying the 

association with refractive error was calculated within deciles using the same data 
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as the main analysis, which can lead to ‘over-fitting’ and biased estimates. However, 

the sensitivity analysis in which SNP-exposure weights were derived using a GWAS 

for AOSW-inferred refractive error provided reassurance that over-fitting had 

minimal influence on the results. Another limitation was the fact that UK Biobank 

participants were reported to have higher values of educational attainment than the 

general population of the UK (234). This could be a potential source of a bias when 

estimating the effect in observational, linear and non-linear MR analyses. A further 

limitation of the current study was the fact that refractive error was measured in 

adulthood while investigating the causal effect on education during childhood. 

Refractive error development across the lifespan in general depends on two 

mechanisms (395): (1) emmetropization (Section 1.2.2)  and, (2) a trend towards 

myopia development (396).The first mechanism typically occurs in childhood and is 

completed during the school years (397). The second one describes the myopic 

shift in refraction in adolescence and in adulthood. In elderly groups, refraction 

remains stable, despite changes in the crystalline lens (398). Thus, a person who 

develops myopia in childhood will typically remain myopic in adulthood; and a 

hyperopic refraction in adulthood typically reflects far-sightedness in childhood; 

various models were proposed to predict the adult refractive error given the 

refraction in childhood (399, 400).  An elegant formula, proposed by Flitcroft et al. 

(396) (Figure 6.7) allows the researcher to calculate a refraction at a given age and 

shows that different factors contribute to myopia and hyperopia development. It can 

be assumed that the main driver in refraction development after emmetropization 

stops is ‘myopic drift’. Hence, if the refractive error in adulthood is known, then at 

least in theory, the refractive error in childhood would have been of the same sign or 

even more positive (hyperopic).  

From the genetic point of view, a previous study showed that a PRS constructed 

using the CREAM Consortium GWAS summary statistics from adult individuals was 

able to explain a portion of the refractive error variance in a paediatric cohort 

(ALSPAC) (401). This suggests there is a genetic correlation between refraction in 

childhood and in adulthood. 
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Figure 6.7 Annotation of an equation describing the biological mechanisms associated with 

each component of the model (a) and annotation of an equation describing the biological 

relevance of each component parameter (b). Taken from: Flitcroft, D. Emmetropisation and 

the aetiology of refractive errors. Eye 28, 169–179 (2014). 

https://doi.org/10.1038/eye.2013.276 

In conclusion, this study suggested that the causal effect of refractive error on 

schooling is non-linear. However it revealed no evidence of a major causal role of 

hyperopia in reducing educational attainment, although statistical power was limited 

to detecting effects of half a year or more of schooling per Dioptre of hyperopia. 
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7 Chapter 7. General Discussion and Future Work  

A diverse series of hypotheses have been tested in this thesis in order to better 

understand the aetiology of paediatric eye disorders. In this chapter, I review my 

findings and discuss the implications of the work and how they interrelate. 

 

7.1 Genetic Predisposition to Strabismus 

A novel genetic locus conferring susceptibility to strabismus was identified, 

supporting the hypothesis that commonly occurring polymorphisms increase the risk 

of non-syndromic strabismus. Over the past 2-3 decades, research into the genetics 

of strabismus has lagged behind that of ocular traits such as refractive error and 

astigmatism, possibly because strabismus is comparatively rare and is a 

challenging trait to diagnose and quantify. Prior efforts focusing on linkage analysis, 

coupled with the occurrence of strabismus as a feature of numerous disease 

syndromes, may have led ophthalmic researchers to regard strabismus as being 

primarily monogenic. My results suggest a shift in perspective may be needed, 

since the locus I discovered on 17q25.3 supports an oligogenic or polygenic 

contribution to strabismus. The discovery of a locus with such a large effect (in an 

analysis of a comparatively small number of strabismus cases) implies that 

additional strabismus susceptibility loci may exist. Genetic discoveries, such as the 

identification of the locus on chromosome 17 that confers a more than 50% 

increased risk, offer researchers a completely new avenue of investigation into the 

aetiology of the disorder. 

Nevertheless, despite its importance, the identification of the 17q25.3  genetic locus 

does not immediately shed light on the functional mechanism underlying the 

increased risk of strabismus. This is because the strabismus-associated causal 

variant at the locus could not be pin-pointed exactly. Fine-mapping and functional 

prediction highlighted the TSPAN10 gene as the most likely candidate. TSPAN10 is 

a member of a tetraspanin gene family, which encodes a series of cell-surface 

proteins containing 4 trans-membrane domains, forming 2 (1 short and 1 long) 

extracellular loops. Tetraspanins directly and indirectly interact with a broad 

spectrum of transmembrane molecules: other tetraspanins, integrins, cytokine 

receptors, immunoglobulins and proteolytic enzymes, and are instrumental in 

forming tetraspanin-enriched micro-domains with diverse functions (402-404). 

Members of the tetraspanin family function as molecular scaffolds and are involved 

in such processes as growth of the organism, immune response and reproduction 
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(405-408). A total of 33 tetraspanins have been identified in mammals, 37 in 

Drosophila melanogaster (403), approximately 50 members of tetraspanin family in 

zebrafish (409) with 22 of them being expressed in embryos and  suggested to have 

an effect on zebrafish development. Some of the tetraspanins show cell and organ 

specificity (410). Tetraspanin-10, also named Oculospanin, was discovered in cDNA 

libraries from retinal pigment epithelium and choroid tissues (411). It belongs to the 

TSpanC8 subfamily (tetraspanins with 8 cysteine residues in their large extracellular 

domain). TSpanC8 tetraspanins are evolutionary conserved and regulate the 

trafficking and function of metalloproteinase ADAM10 (412), which plays an 

important role in Notch signalling and is essential for the cell differentiation 

processes through the cleavage of Notch by -secretase (413). Polymorphic variant 

rs6420484 causes a C177Y substitution in TSPAN10 (Section 4.3.4); however, the 

cysteine at position 177 is not located in the large extracellular loop, suggesting that 

the SNP would not directly impair -secretase cleavage activity. 

TSPAN22 (also known as PRPH2 or RDS) and TSPAN23 (also known as ROM1) 

are expressed in the photoreceptors of the retina and in the rim of the rod outer 

segment disks; mutations in these photoreceptor-specific genes were reported to 

cause retinitis pigmentosa (414). In an animal study, TSPAN12 (EVR5) mutant mice 

exhibited a phenotype similar to the familial exudative vitreoretinopathy (FEVR) 

mice (415); investigation in humans supported the hypothesis that mutations in 

TSPAN12 are causal for FEVR development. 

Further studies of TSPAN10 and more broadly, the 17q25.3 locus, should provide 

additional information regarding the biological and physiological mechanisms of 

strabismus development. 

 

7.2 Causality in the Relationship Between Environmental Risk Factors and 

Myopia 

Two studies in this thesis investigated the causality of the relationship between 

refractive error and: (1) education, and (2) birth weight. 

Educational attainment is among the environmental factors showing the strongest 

effects on refractive error development (Section 1.2.4.1.1). For instance, there is a 

4-fold higher likelihood of myopia development in individuals with a university 

degree vs. those with only primary level education (49). The robust association 
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between educational attainment and refractive error has been established in 

numerous observational studies (43, 416, 417), with 2 MR studies testing this 

relationship for causality (45, 46). Both of these MR studies, despite being less 

prone to bias than standard observational approaches, have limitations. The SNP 

used as instrumental variables in the MR setting were strongly associated with the 

exposure (education), but knowledge of their functional effects was extremely 

limited. Hence, the possibility of SNP having an effect on the outcome via 2 or more 

independent pathways (horizontal pleiotropy; Section 2.4.4) is highly plausible; this 

can lead to a biased estimate of the true causal effect. Sensitivity analysis such as 

the MR-Egger test (Section 2.4.4) allow the analyst to test for unbalanced horizontal 

pleiotropy; however, there are several issues (e.g. influence of outlying genetic 

variants) leading to a biased MR-Egger estimate. Thus, “triangulation”, which in 

epidemiological research typically refers to the use of different sources of 

information or different scientific approaches in order to increase the validity of the 

estimate (418, 419) is arguably the best way to overcome the limitations mentioned 

above. The regression discontinuity study design (Section 2.4.5) indeed does have 

a different source of bias compared to MR and it is appropriate to triangulate them 

to answer the same causal question. The RD design has been used to assess the 

effect of education on adult health outcomes and mortality in the UK (371, 420) 

including a recent study in UK Biobank participants (372); with, in general, a positive 

effect of additional education on health being found. The RD study in this thesis has 

reported a negative (adverse) effect of the ROSLA 1972 educational reform on 

refractive error; this finding is in agreement with observational and MR studies. 

However, the interpretation of the results of an RD study is not straightforward; the 

estimated local average treatment effect (302)(Section 2.4.5) can be interpreted as 

the effect on those affected by the reform (those who remained at school due to the 

reform who otherwise would have left school). This low external validity makes it 

difficult to generalise the results to the general population. Despite providing a 

causal effect estimate, neither the MR or RD analyses allow one to disentangle the 

exact biological mechanism(s) underlying the estimated effect. I speculate that time 

outdoors and near work activities mediate the effect of educational attainment on 

myopia. Higher rates of incidence and progression of myopia in children from 

economically developed South-East Asian countries coincide with the reported 

decrease in time spent outdoors (47, 58, 421-423); with time outdoors being 

reported as a protective factor for myopia development (424). One plausible 

pathway linking time outdoors with negative refractive error is light intensity, which is 

typically higher outdoors (425). Increased amounts of near work may also mediate 
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the effect of education on myopia via excessive accommodation; however animal 

models (426, 427) have not confirmed the hypothesis of a direct effect of 

accommodation on myopia, and the results of human studies are conflicting (50, 53, 

56). 

The RD study performed in the current thesis reported the effect of the additional 

year of schooling due to ROSLA 1972 on those affected by the reform; this finding 

adds evidence of there being a causal effect of education on myopia. 

Refractive errors may have a strong influence on the learning process. The 

increased use of electronic devices and increasing duration of class activities lead 

to excessive pressure on the accommodative-vergence system in school children, 

causing numerous adverse effects (Section 1.4.3). Children with hyperopic 

refraction errors, especially uncorrected hyperopes are more vulnerable to these 

effects, which could be expected to have an adverse impact on learning. Such an 

adverse effect of hyperopia on educational performance has been reported in 

observational epidemiological studies (225) (214); with the only one attempt to 

establish the causality in the relationship between refractive error and educational 

attainment (to test the hypothesis that each additional Dioptre in refraction is 

causally associated with change in time spent in education) (46). The latter MR 

study was performed under the assumption of linearity in the relationship between 

refractive error and educational attainment and found no causal effect. However, my 

non-linear MR study (Chapter 6) explored the possibility that the association 

between the exposure and the outcome was non-linear. Whilst a linear MR analysis 

estimates a causal effect which is the averaged effect in the population, it still can 

be used in the context of a non-linear exposure-outcome relationship when the 

condition of monotonicity is met (392). In other words, when the direction in the 

change of outcome is the same across the exposure distribution (more or less years 

spent in education for all values of refractive error). However, if the assumption of 

monotonicity is not met, the estimated effect will be biased. The non-linear MR in 

the current thesis assessed the shape of the exposure-outcome relationship and 

tested this relationship for linearity using Cochran’s Q statistics. My analysis 

supported the hypothesis of a non-linear relationship between refractive error and 

years spent in education; whereas the null hypothesis of no causal effect of 

hyperopia on educational attainment could not be fully rejected. In particular, I 

identified a small causal effect of myopia on education of -0.15 years/D (95% 

CI -0.23 to -0.07). This result implies that children who have a low degree of myopia 
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are more likely to continue in schooling than would otherwise be the case. I 

speculate that the mechanism underlying this relationship may involve psychological 

effects, e.g. children wearing glasses may be relatively keener to study and 

relatively less keen to participate in sports or other non-scholarly activities. 

The non-linear MR analysis was performed with stratification of the sample based 

on residual refractive error (‘genetic risk-free’; Section 6.2.3) with subsequent 

estimation of the association between the exposure and the outcome in each 

stratum. Individual-level data are required to assess this genetic risk-free 

relationship (i.e. a one-sample MR analysis; Section 2.4.4). Given the limited 

statistical power for the current non-linear MR to detect a causal effect, it may prove 

fruitful to perform such an analysis in a larger sample. However, sharing of 

individual level data across different studies is challenging for data privacy reasons, 

and meta-analysis across sites would be difficult because of inconsistency in strata 

boundaries and also because of potential differences in exposure-outcome 

relationships in different countries. 

Despite a steady increase in the number of epidemiological studies using MR 

analysis to assess the causality of exposure-outcome relationships, non-linear MR 

has not been widely adopted. As regards research in the vision sciences there have 

been few MR studies of any kind (428). The MR study in the current thesis (Chapter 

3) reported a small positive causal effect of birth weight on refractive error; however, 

it had limited statistical power, meaning that the estimation was imprecise. The self-

reported nature of the birth weight variable could have influenced the estimate; 

however, if the exposure is non-differentially measured with error it typically does 

not bias the estimate in the IV settings (429). The MR-Egger sensitivity analyses 

showed no evidence for unbalanced pleiotropy, although it is not possible to 

completely rule it out (as the biological mechanisms of the chosen genetic variants 

influencing birth weight are not clear). A more biologically-based approach (430) to 

conducting an MR study with multiple instruments (e.g. the use of genetic variants 

from genes with known biological effects on the exposure), or use of pathway-

specific PRS (when PRS are calculated using SNP associated with a specific 

molecular pathway) (431) could gain more information on the variants selected as 

instruments. 
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7.3 Future Work 

The findings from the studies conducted in this thesis pave the way for further 

research in the field of causal epidemiology in vision sciences.  

Animal experiments may shed light on the role of TSPAN10 in strabismus and 

amblyopia. For example, it would be feasible to generate a mouse mutant model 

with a disease-carrying mutation with subsequent assessment of the visual 

functions and the morphology of the eye. However, despite of the widespread use of 

mouse models, the limited binocularity of mice makes them a poor animal model for 

strabismus. Non-human primates are considered to be a better model to investigate 

human diseases as they are more closely related to humans (432). Due to 

similarities in genetics, developmental biology, anatomy and developed binocularity, 

primates can be used to investigate the oculomotor and/or neural visual disruption 

associated with strabismus. To determine the mechanism downstream of the 

rs75078292 genetic variant I would suggest making 3 lines of gene knock-out 

monkeys: a TSPAN10-KO line, a NPLOC4-KO line and a PDE6G-KO line. I would 

carry out an assessment of tropia, VA, refractive error, RNFL thickness in each KO 

line (by measuring cover test, optokinetic response, cycloplegic autorefraction, and 

OCT). 

Possible mechanisms of strabismus development in the animal study proposed 

above would include but would not be limited to: 1) the role of tetraspanins in 

synapse function, 2) the role of tetraspanins in axon guidance. 

For the first mechanism, the regulation of synaptic protein function by tetraspanin 

has been reported recently (433-435). Tetraspanins, acting through their scaffold 

protein properties, are able to interact with various molecules including integrins; the 

latter proteins are known to participate in synaptic function (436). One of the 

members of tetraspanin family, TSPAN7, has been reported to regulate 

glutamatergic and dopaminergic synaptic function via associations with the 

immunoglobulin-like superfamily (IGSF) member IGSF3 (437), PICK1 protein (433), 

and β1-integrin (435). Glutamatergic and dopaminergic signalling systems play an 

important role in the functioning of the central nervous system (438) and in vision 

(439-441). As I mentioned in Section 7.1, TSpanC8 tetraspanins are known to 

regulate the trafficking and function of ADAM10 (412). Cleavage of some of the 

proteins (e.g. N-cadherin) involved in synapse formation and/or function is regulated 
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by ADAM10 (442). I speculate that the excitatory/inhibitory synaptic disbalance 

could be the reason for binocular dysfunction. 

Next, there is a growing body of evidence that mutations in genes regulating axon 

guidance in the ocular-motor system result in the development of eye movement 

disorders (443) and may be associated with strabismus (444). The role of 

tetraspanin family members in axon guidance and axonal growth has been 

hypothesized (445) based on the expression of CD9 and the Drosophila protein late 

bloomer (lbl) in motoneurons (446, 447) and the ability of tetraspanins to interact 

with integrins; they, in turn are promotors of axonal growth. 

That would help to decipher molecular pathways of strabismus and, potentially, 

amblyopia development and would open new perspectives in the treatment of these 

eye conditions. Also the finding of the proposed study may demonstrate gene-

environment interaction in strabismus development. 

Results of the GWAS conducted in this thesis confirmed a hypothesis that 

commonly occurring genetic variants are associated with the increased risk of 

strabismus. Given the limitations of this study (e.g. unbalanced case-control ratio, 

self-reported phenotype in an adult cohort) it might prove fruitful to carry out a case-

control association study in a paediatric cohort. It would require a recruiting a 

sample of 2,000 children: 1,000 assigned to the case cohort; and 1,000 assigned to 

the control cohort. Assignment would based on the results of careful phenotyping, 

including strabismus assessment performed by an orthoptist. For obtaining the 

genetic data, I would ideally use the whole genome sequencing (WGS) as it allows 

to expand the horizons of the research and to test not only common variants, but 

also rare and low-frequency variants and variants not in LD with SNP in the 

genotyping array. However, the hypothesis could be tested with genotyping 

technologies provided by two genotyping companies: Affymetrix and Illumina; which 

are typically used in genetics studies. 
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