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Abstract
Myopia is the largest cause of uncorrected visual impairments globally and its recent dramatic increase in the population has made it a major public health problem. Educational attainment has been consistently reported to be correlated to myopia. Nonetheless, correlation does not imply causation. Observational studies reporting the correlation of educational attainment and myopia do not tell us if education causes myopia or if instead there are confounding factors underlying the association. In this work, we use a two-step least squares instrumental-variable (IV) approach to estimate the causal effect of education on refractive error, specifically myopia.  We used the results from the educational attainment GWAS from the Social Science Genetic Association Consortium to define a polygenic risk score (PGRS) and tested the PGRS in three cohorts of late middle age and elderly Caucasian individuals (N=4514). Using the PGRS as an IV, we estimated that each z-score increase in education (approximately 2 years of education) results in a reduction of 0.91 ± 0.27 diopters (P=6.80x10-4) in the three cohorts combined. Our estimate of the effect of education on myopia was higher (P=0.01) than the observed estimate in the three cohorts combined (0.26 ± 0.03 diopters reduction per education z-score [~2 years] increase). This suggests that observational studies may actually underestimate the true effect. Our Mendelian Randomization (MR) analysis provides new evidence for a causal role of educational attainment on refractive error.
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Introduction
The global prevalence of individuals with visual impairment in 2010 was estimated to be 285 million, of which 15% suffer blindness and 85% low vision [Pascolini and Mariotti 2012].  Uncorrected refractive errors accounts for 43% of the 285 million visually impaired [Pascolini and Mariotti 2012]. Myopia is the most common refractive error and occurs when the eye cannot clearly focus distant objects. More severe myopia has been associated with an increased risk of sight-threatening conditions including retinal detachment, subretinal neovascularization, macular haemorrhage, dense cataract, and glaucoma [Foster and Jiang 2014].  

Myopia can often be corrected with optical aids such as spectacles, contact lenses, and, more recently, surgical intervention such as refractive surgery [Foster and Jiang 2014; Javitt and Chiang 1994; Jung, et al. 2012; Young 2009]. However, the high prevalence of myopia and cost of refractive care make this condition a significant public health concern worldwide [Fricke, et al. 2012].  The global economic cost in productivity loss from visual impairment due to uncorrected refractive errors is calculated to be USD$91.3 billion [Smith, et al. 2009]. Also, it has been estimated that the money  needed to educate personnel, establish and maintain refractive care facilities is around USD$20 billion globally [Fricke, et al. 2012].

Despite extensive international efforts, the causes of myopia are not yet well understood [Sivak 2012; Wojciechowski 2011]. Environmental factors related to socioeconomic status, time spent outdoors, near work activities and education have been consistently reported as being associated with myopia [Dirani, et al. 2008; Foster and Jiang 2014; Pan, et al. 2012; Sivak 2012]. Also, a growing body of evidence on the biological mechanisms underlying myopia suggests it results from complex interactions between the genetic makeup of an individual and the environmental exposures [Goldschmidt and Jacobsen 2014; Mackey and Hewitt 2014; Verhoeven, et al. 2013; Young 2009].

Educational attainment is the most consistent environmental risk factor for myopia [Dirani, et al. 2008; Verhoeven, et al. 2013]. Onset of myopia usually occurs during childhood, particularly during school years [Morgan and Rose 2005]. People with university-level education are 4x more likely to develop myopia than people with just primary education [Morgan and Rose 2005]. From the perspective of myopia epidemiology, level of education has been widely considered as a proxy measure for near work activity during the first three decades of life [Sivak 2012]. Near work activities, such as spending long hours in front of a computer, reading and writing, are considered important environmental risk factors for the development of myopia [Czepita and Zejmo 2011]. Performing near work activities requires the eye to generate extra optical power to focus the image on the retina, causing retinal defocus and degradation, which could then promote eye elongation as a compensatory mechanism [Czepita and Zejmo 2011; Drexler, et al. 1998]. An alternate hypothesis suggests that individuals with higher education spend less time outdoors and this is the reason for an elevated risk of myopia [Foster and Jiang 2014; French, et al. 2013; Ngo, et al. 2014].  Additional studies have found conflicting evidence regarding the near work hypothesis depending on the unit used to measure near work [Ip, et al. 2008; Jones-Jordan, et al. 2011; Yi and Li 2011].

Recent studies have reported a gene-environment interaction between myopia genes and education [Fan, et al. 2014; Verhoeven, et al. 2013; Wojciechowski, et al. 2013]. It also has been proposed that a part of the association between education and myopia is due to pleiotropic effects (genes affecting both education and myopia, possibly as a result of education affecting subsequent myopia) [Cohn, et al. 1988]. A bivariate twin study has shown some evidence for a proportion of genetic factors influencing educational attainment and refractive error [Dirani, et al. 2008]. A large genome-wide association study (GWAS) meta-analysis estimated that genetic factors contribute to 40% of the variance in educational attainment [Rietveld, et al. 2013]. The heritability of refractive error has been estimated to be as high as 90%  [Sanfilippo, et al. 2010].

In this report we investigate the effects of the genetic predisposition of education on refractive error (where a more negative refractive error indicates more myopia) in three independent cohorts of European descent. We hypothesize that the genetic correlation between refractive error and level of education is due to a causal association. We apply a Mendelian randomization (MR) approach using polygenic risk scores (PGRS) of educational attainment as an instrumental variable to establish the causal effect of education on refractive error. MR is considered to be equivalent to a randomized trial in which randomization is achieved with respect to predisposing genotypes. As genotypes are passed-on randomly from parental to offspring generations, they are immune to the confounding factors frequently present in observational studies [Davey Smith and Hemani 2014]. 

Methods
Data
We analysed data from three different cohorts. Samples descriptors are summarized in Table I.

KORA
KORA ("Kooperative Gesundheitsforschung in der Region Augsburg" which translates as “Cooperative Health Research in the Region of Augsburg”) was accessed through dbGaP (dbGaP Study Accession: phs000303.v1.p1). The phenotyping and genotyping information are described in more detail elsewhere [Holle, et al. 2005; Oexle, et al. 2011; Steffens, et al. 2006; Wichmann, et al. 2005]. In brief, between 1984 and 2001, adults from 430,000 inhabitants living in Augsburg and 16 surrounding counties in Germany were randomly selected and separated in 4 different groups (S1-S4). One of the groups (S3/F3) was utilized for this study as was the only group with refractive error measured as spherical equivalent (SPHEQ). This study includes 1,981 subjects without medical conditions predisposing myopia, with education and genotype data along with refractive error measurements.
For each subject, eyeglass prescriptions were measured in addition to an evaluation by the Nikon Retinomax. Educational attainment was recorded as number of years of education (range 8 to 17, table I).  Genotyping was done using the Illumina 2.5M chip or the Illumina Omni Express chip. Samples with low call rate (<98%), or beyond >6 std. deviation from 1000 Genomes northern European ancestry PC1 and PC2 centroid, were removed. SNPs were excluded if they had a low a genotype call rate (<0.98), low minor allele frequency (<0.01) or Hardy-Weinberg P-value < 10−6. Relatedness filtering was performed so that no individuals should have a probability of sharing an identical by descent allele (IBD) of more than 0.2 (first cousins). The study was approved by the local ethics committee. Written informed consent was obtained from all participants before enrolment in accordance with the Declaration of Helsinki.

AREDS
The Age-Related Eye Disease Study (AREDS) was accessed through dbGaP (dbGaP Study Accession: phs000429.v1.p1). Detailed description of genotyping and phenotyping can be found elsewhere [Age-Related Eye Disease Study Research 2001a; Age-Related Eye Disease Study Research 2001b]. In brief, AREDS participants were 55 to 80 years of age at enrolment and had to be free of any illness or condition that would make long-term follow-up or compliance with study medications unlikely or difficult. Based on ophthalmologic evaluations, 4,757 participants were enrolled in one of several categories, including a control group (AREDS 1c).  Individuals included in this GWAS study are all Caucasians, who do not have age-related macular degeneration (AMD) and were further screened to also exclude individuals with cataracts, retinitis pigmentosa or other retinal degenerations, colour blindness, other congenital eye problems, LASIK, artificial lenses, and other eye surgery. For this work, we included 1842 participants from the control group (AREDS 1c), with refractive error measurements, education survey and genotype data. Refractive error was measured as SPHEQ, plus baseline measures of axis, sphere and cylinder are available for each eye. Educational attainment was recorded on a five point scale (table I). Genotyping was performed using the Illumina 2.5M chip. Samples with low call rate (<98%), or beyond >6 std. deviation from 1000 Genomes northern European ancestry PC1 and PC2 centroid, were removed. SNPs were excluded if they had a low a genotype call rate (<0.98), low minor allele frequency (<0.01) or Hardy-Weinberg P-value < 10−6. Relatedness filtering was performed so that no individuals should have a probability of IBD of more than 0.2. Written informed consent was obtained from all participants before enrollment in accordance with the Declaration of Helsinki.

BMES
The Blue Mountains Eye Study (BMES) is a population-based eye disease survey in individuals living in the Blue Mountains region, west of Sydney, Australia. Genotyping and phenotyping information is found elsewhere [Foran, et al. 2003; Schache, et al. 2013]. In brief, 3,654 permanent residents aged 49 years or older participated (participation rate of 82.4%). During 1997‐99 (BMES II A), 2,335 participants (75.1% of survivors) returned for examinations after 5 years. During 1999‐2000, 1,174 (85.2%) new participants took part in an Extension Study of the BMES (BMES IIB). BMES cross‐section II thus includes BMES IIA (66.5%) and BMES IIB (33.5%) participants (n=3,509). Participants underwent an eye examination including best-corrected visual acuity, objective and subjective refraction, slit-lamp examination. A Humphrey autorefractor was used to obtain an objective refraction. SPHEQ was calculated using the standard formula: SPHEQ = sphere + (cylinder/2). Educational attainment was recorded on a six point scale (table I). From the BMES cross section II who had blood samples collected, DNA was extracted for 3,189 (90.1 %) participants. Genotyping was performed on the Illumina Infinium platform using the Human660W-Quad, a WTCCC2 designed custom chip containing Human550 probes with 60,000 additional probes to capture common CNVs from the Structural Variation Consortium[Conrad, et al. 2010]. Genotyped data was filtered to remove SNPs with genotyping rate <98%, MAF<1 %, HWE P-value <10−6. Samples with call rate less than 95% were excluded from analysis. Relatedness filtering was performed so that no individuals should have IBD more than 0.2. Ancestry outliers with >6 std. deviation from 1000 Genomes northern European ancestry samples were removed. A total of 1209 individuals with education, refractive error measurements and genotypes remained for the analysis. All BMES examinations were approved by the Human Ethics Committees of the Western Sydney Area Health Service and University of Sydney.


Statistical analysis
Given that educational attainment was coded differently in the three cohorts, it was transformed to z scores. Pearson correlations between educational attainment and refractive error were performed adjusting by sex and age. 

MR is a method that permits the testing of a causal effect from observational data in the presence of confounding factors by using genetic information with a known effect on the exposure as an instrumental variable (IV) [Lawlor, et al. 2008]. There are three fundamental assumptions to ensure the validity of the IV estimate in MR studies [Greenland 2000; Lawlor, et al. 2008]: 1) the IV must be strongly associated with the exposure variable (generally an F statistic > 10 is sufficient to ensure the validity of the IV); 2) the IV is not associated with potential confounders; 3) the IV is only associated with  refractive error (outcome variable) via educational attainment (exposure variable) Figure 1. 

Regression coefficients summarizing the results from Genome-wide association studies (GWAS) are an important source of data for MR studies. Multiple variants from these GWAS can be combined to create a powerful IV [Burgess, et al. 2013]. Here, we computed polygenic risk scores (PGRS) of education per individual based on the educational attainment GWAS summary results from the Social Science Genetic Association Consortium (SSGAC) [Rietveld, et al. 2013]. These GWAS summary results were recomputed from the original SSGAC results [Rietveld, et al. 2013] to exclude the KORA sample which was also involved in that study. The PGRS [International Schizophrenia, et al. 2009; Wray, et al. 2014] were estimated by summing each allele’s estimated effect size multiplied by the number of risk alleles carried by each participant. We used SNPs across 12 different P-value thresholds (i.e. <1e-7, <1e-5, <1e-3, <1e-2, <5e-2, <1e-1, <2e-1, <3e-1, <4e-1, <5e-1, <7.5e-1, 1), using the –score option in PLINK 1.9 [Purcell, et al. 2007]. Also, the PGRS were computed using the remaining SNPs after clumping for high linkage disequilibrium (clumping threshold: LD r2=0.2 at a distance of <1Mb from the index SNP). Furthermore, to eliminate any effects of population stratification, all the PGRS were adjusted by the effects of the first 10 principal components (derived from the genome-wide genotypes) through linear regression. In order to choose the PGRS with the best fit to the recorded educational attainment, we performed Pearson correlation after adjusting education by sex and age through linear regression (Figure 2). 

We carried out the MR using a two-stage least squares (TSLS) approach with the ivreg function of the AER R package. TSLS is an extension of the ordinary least squares method (OLS), whose purpose is to replace a problematic independent variable (a variable that is affected by confounders) by a more suitable variable (one that is not affected by confounders). In the first-stage, we predict education from the PGRS. In the second stage, we use the predicted values of education in a linear model with SPHEQ (refractive error). The ivreg function adjusts the second stage with the estimated residuals from the first stage to correctly account for the uncertainty of the predicted values of educational attainment. Age and sex were used as covariates. Finally, we used the Wu-Hausman test to test whether the TSLS estimates differed from the estimates obtained from a conventional linear regression between education and SPHEQ. A rejection of the null hypothesis (estimates do not differ) may indicate some inconsistency between conventional linear regression (i.e. the conventional observational study) and the TSLS which could be due to confounding or measurement errors. 

In order to increase power, we also performed the analyses by combining the cohorts, 1) BMES+KORA (B+K) and 2) BMES+KORA+AREDS (B+K+A). Education was combined after standardization. Also, a dummy variable(s) describing the cohort was used as covariate in all the analyses to model any differences between cohorts. 

A recent paper investigating genetic correlations among several traits showed a significant negative genetic correlation between college (yes/no), obesity and smoking behavior, and a suggestive positive correlation with height [Brendan Bulik-Sullivan 2015]. Also, epidemiological studies have shown association between refractive error and anthropometric traits and smoking [Choi, et al. 2014; Roy, et al. 2015]. In order to investigate potential pleiotropic effects of the SNPs used to compute the PGRS of educational attainment, we computed PGRS of height, obesity and smoking behavior based on the height and obesity class 1 GWAS results from the Genetic Investigation of ANthropometric Traits (GIANT) consortium and the ever smoked GWAS from the Tobacco and Genetics Consortium. We corrected these PGRS by the first 10 principal components and tested their association with refractive error and education through linear regression, adding age and sex as covariates. 

Results
Descriptions of the cohorts are displayed in Table I. Phenotypic correlation between educational attainment and refractive error (measured as the mean spherical equivalent, SPHEQ) for the AREDS, BMES and KORA cohorts after correcting by sex and age are summarized in Table II. Consistent with epidemiological studies, a strong negative correlation was observed in the three cohorts (R=-0.14 in AREDS; R=-0.07 in BMES; R=-0.14 in KORA) demonstrated by increased education resulting in more myopia.

We used data from the educational attainment GWAS from SSGAC to compute multiple PGRS of educational attainment based on different p-value thresholds of the genetic association between candidate SNPs and education. Correlation estimates between the PGRS and educational attainment are displayed in Figure 2. The PGRS computed from the top 10% SNPs (17,749 SNPs) of the educational attainment GWAS showed the most consistent and best fit to education in the three cohorts (F=31.9 in AREDS, F=11.2 in BMES and F=25.9 in KORA) and hence was used as IV for the MR analysis (formally, the 10% of SNPs PGRS was a strong instrument, clearly satisfying the first MR assumption). We inspected the association between the PGRS and SPHEQ. Given the BMES and KORA samples were individually underpowered to clearly see association between PGRS and SPHEQ, we combined these two cohorts. Associations between the PGRS and SPHEQ are shown in Table III. 

We proceeded to perform a two-stage least squares IV analysis for the MR estimate. We found that each standard deviation from the mean of educational attainment (equals a 1 unit increase since we are working on a standardized scale, and corresponds to approximately 2 years of education) decreases SPHEQ by 0.62 – 1.24 diopters (Table IV). The IV estimates for the AREDS and KORA+BMES+AREDS were significantly higher than those estimated through standard observational methods (Pdiff=0.013 and Pdiff=0.01 respectively). Provided the assumptions of the MR are satisfied, the MR estimate should reflect the true (i.e., unconfounded) effect of education on myopia. The fact that the observation study estimates are lower may be attributed to confounding.  (e.g. education in observational studies may be correlated with many other traits which modify myopia risk). Alternatively education SNPs (or SNPs in LD) may be associated with other traits underlying the association with refractive error. Also, the fact that educational attainment is difficult to assess accurately across studies may also have impacted results.

To mitigate some of the possible pleiotropic effects on other traits of the SNPs used to compute the educational attainment IV, we used publicly available GWAS summary results from height, obesity and smoking behaviour and computed PGRS using the same SNPs as the IV. None of these PGRS displayed a significant association (P-val <0.05) with refractive error in any of the cohorts / combined cohorts, indicating that obesity, height and smoking are not confounding our estimates (i.e. the educational attainment PGRS effect is not acting through these variables). PGRS of obesity and smoking were negatively associated with educational attainment (P-valobesity=0.013; P-valsmoking=0.007) just in the KORA cohort, and height PGRS positively associated with educational attainment in the AREDS cohort (P-valheight=0.011). 

Discussion
In this Mendelian randomization study, we have estimated the causal effect of education on refractive error (measured as spherical equivalent) by using the genetic predisposition to education as an instrumental variable. As reported in epidemiological (observational) studies, we found a strong negative correlation between educational attainment and refractive error in three different cohorts. We also found that a genetic predictor of higher education was associated with refractive error. We assumed that any effect of education-associated genetic variants on other traits (e.g. obesity) was only via their effect on education (IV assumption 3). We also assumed that the genetic risk score for education was not associated with other traits that may confound the association between education and myopia (MR assumption 2). Our MR analysis showed significant estimates of the effect of education in two independent samples (AREDS and BMES+KORA). Nevertheless, the observed MR estimates were significantly higher than the ones in the phenotypic association, suggesting some bias in the analysis. We used the genotypes principal components to control for potential population bias. We believe that the observed bias may be result of an inaccurate or noisy measure of educational attainment or confounding in the observational studies. It is also possible that education SNPs (or SNPs in LD) may be associated with other traits (pleiotropic effects) underlying the association with refractive error. A recent paper from Bulik Sullivan et al [Brendan Bulik-Sullivan 2015], showed a polygenic risk score for attending college (yes/no) was correlated with the genetic risk score for a range of other traits: Alzheimer’s disease, bipolar disorder, obesity, smoking and serum triglyceride levels. In the case of, say Alzheimer’s, it is unlikely that Alzheimer’s acts as a relevant mediator in the relationship between education-associated genes and refractive errors. For other variables such as obesity and smoking, the variables being possible mediators [Roy, et al. 2015], we showed that PGRS computed for obesity and smoking --using the same SNPs as the educational attainment IV-- were not associated with refractive error. Also, we note that genetic correlations between education and the other traits described in the Bulik Sullivan paper are weak [Brendan Bulik-Sullivan 2015], hence are unlikely to cause a meaningful violation of assumption 2 (although this is difficult to test). Bulik Sullivan use college yes/no, which is similar to the years of education variable we use here. 

A possible source of bias in our estimates is the potential existence of an actual (unknown and/or unmeasured) pleiotropic effect of education-associated markers which cause myopia via pathways other than education. For this to violate MR assumption 3, any pleiotropic effects must not simply exist due to genetic effects influencing refractive error via their effect on education. One scenario would be a gene (or genes) with effects on both brain size and axial length, with bigger brain size being associated with a greater intelligence [Goh, et al. 2011; Kaup, et al. 2011] and higher education, leading to myopia. However, this scenario is unlikely given the propagation rate of genetic variants and the recent dramatic increase in myopia prevalence around the globe. Another scenario could be that education-associated genes could be inversely associated with e.g., athletic prowess, which, in turn, would be associated with increased outdoor exposure and a reduced risk of myopia. Future research should account for outdoor exposure. 

A strength of our study is that it includes cohorts from Europe, Australia and the United States. However, due to modest individual sample size our results are strongest for the three cohorts combined. Our samples were all of European ancestry, as were the data used by the Social Science Genetic Association Consortium to derive the estimated SNP effects for educational attainment. However, as the current myopia epidemic is most marked in East Asian populations, it would be interesting in the future to perform this study in samples of Asian ancestry. Since our results indicate that observational studies may underestimate the true effect of education on myopia, for future studies of myopia where a correction for education is desired, it may be feasible to correct for a genetically derived education variable (particularly in scenarios where the education variable is missing or poorly measured). A practical limitation of this would that currently the  education PGRS only explains 2% of the variance in the trait. 
In conclusion we have shown that the genetic predisposition of higher education is negatively associated with refractive error. The results of our MR analysis are amongst the strongest to date in support of the notion that educational attainment is causally related to refractive error.  Moreover, in the European ancestry samples studied here, the true causal effect of education on refractive error may be larger than predicted from the observational studies conducted to date.
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Table I.  Characteristics of the cohorts. AREDS and BMES educational attainment is coded as the higher level awarded. KORA education level is showed as education years completed. Mean and standard deviation is shown for Age and spherical equivalent (SPHEQ). 

Table II.  Phenotypic association (i.e. observational study estimates) of education with spherical equivalent after adjusting by sex and age.  For the combined samples (B+K and B+K+A), the variables were also adjusted with a dummy variable indicating the cohort. 

Table III.  Association of PGRS of education with spherical equivalent after adjusting by sex and age.  For the combined samples (B+K and B+K+A), the variables were also adjusted with a dummy variable indicating the cohort. 

Table IV. Effect estimates from the two-stage least squares analyses using PGRS as an instrumental variable for education and spherical equivalent as outcome. P-value is for the test of whether beta is significantly different from zero. P-valuediff corresponds to the significance of the endogeneity test (Wu-Hausman test), a rejection of the null hypothesis means that the beta effect estimates here are different from the observed (phenotypic) estimates in table II. 


Figure 1. Mendelian Randomization assumptions. 1) Educational attainment polygenic risk score (instrumental variable) is robustly associated with educational attainment (exposure variable); 2) IV is only associated with refractive error (outcome variable) via educational attainment (exposure variable); 3) IV is not associated to the confounders.

Figure 2. Polygenic risk scores (PGRS) of education predict educational attainment. Each bar represents the p-value threshold used to compute the PGRS of education. The upper panel shows the significance level of the association between PGRS of education and educational attainment; red dotted line represents –log10 (0.05). Lower panel indicates the Pearson correlation estimate.

*Abreviations: K+B: KORA + BMES; K+B+A: KORA + BMES + AREDS.
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