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EUROPEAN ETHNICITY STUDIES 

1958 British Birth Cohort 

The 1958 British Birth Cohort (Rahi et al. 2011) is a prospective population-based cohort study that 

initially included 17,000 newborn children whose birth was within the first week of March 1958. All 

participants gave informed written consent to participate in genetic association studies, and the 

study was approved by the South East Multi Centre Research Ethics Committee (MREC) and the 

Oversight Committee for the biomedical examination of the British 1958 British birth cohort. 

Biomedical examination protocols were approved by the South East MREC. Assessment of 

refraction and astigmatism was undertaken in a random subsample of cohort members through 

non-cycloplegic autorefraction (Nikon Retinomax 2) of both eyes of each subject.  

Illumina’s Human1M-Duo chip was used for genotyping. Imputation was calculated with reference 

to HapMap release 22 CEU population data using IMPUTE version 2.  Individuals were checked for 

genotyping success rate (all exceeded 99%), excess or low heterozygosity (all participating subjects 

were checked and found within the pre-defined interval of 0.2-04). SNPs were included in the 

analysis if they had a genotype success rate of at least 0.95, were within Hardy-Weinberg 

equilibrium (p>10-04) and had a minor allele frequency of 0.04 or above. A logistic regression model 

was implemented in PLINK using sex and the first two principal components as covariates. 

 

ALSPAC Mothers and Children (Avon Longitudinal Study of Parents and Children) 

Details of this cohort study have been published previously (Boyd et al. 2013; Fraser et al. 2013). The 

research adhered to the tenets of the Declaration of Helsinki. Ethical approval for the study was 

obtained from the ALSPAC Law and Ethics committee and three local research ethics committees. 

Pregnant women with an expected date of delivery between 1st April 1991 and 31st December 1992, 

resident in the former Avon health authority area in Southwest England, were eligible to participate 

in this birth cohort study. 13,761 women were recruited. Data collection has been via various 

methods including self-completion questionnaires sent to the mother, to her partner and after age 5 



to the child; direct assessments and interviews in a research clinic. As well as investigating the health 

and well-being of the children in the birth cohort, the health of the mothers is also an important area 

of investigation. For ALSPAC Mothers, DNA was extracted from blood samples collected as part of 

routine antenatal care, during attendance at ALSPAC research clinics, or from immortalized 

lymphoblastoid cell lines, for a total of 10,321 of the mothers. Non-cycloplegic autorefraction (Canon 

R50 instrument) was performed opportunistically when mothers accompanied their child to a 

research clinic visit, and/or by a researcher visiting their optician to obtain their spectacle 

prescription. Non-cycloplegic autorefraction data was used in preference to subjective refraction 

data when available. DNA samples were available for 11,343 ALSPAC Children, prepared from either 

blood samples or lymphoblastoid-transformed cell lines. Non-cycloplegic autorefraction (Canon R50 

instrument) was performed during attendance at an ALSPAC research clinic visit when the children 

were approximately 15 years old. Genotyping was performed using Illumina 660 W-quad (Mothers) 

or Illumina HumanHap 550 (Children) bead arrays. Samples that did not cluster with HapMap CEU 

individuals on IBS plots, with excessive missingness (>5%), minimal or excessive autosomal 

heterozygosity, cryptic relatedness (>10% IBD) or with a sex-mismatch were excluded. SNPs with call 

rate <95%, minor allele frequency <1%, or Hardy-Weinberg P value < 10−7 were excluded. For the 

Mothers, genotypes were available for 8340 subjects, and there was a total of 1889 individuals with 

phenotype and genotype information available, and who passed all quality control filters (1402 with 

autorefraction data, 463 with subjective refraction data). For the children, there were 8365 subjects 

who had genotype information, and 3828 also had phenotype data and passed all quality control 

filters. Imputation was carried out separately for Mothers and Children. Markov Chain Haplotyping 

(MACH) v 1.0.16 was used to impute unobserved marker genotypes, with HapMap CEU build 36, 

release 22, genotypes as the reference set. Imputed SNP were required to have an imputation 

reliability score of RSQR >0.3. GWAS was performed using mach2qtl. Analysis was carried out 

separately for Mothers and Children, using mach2dat, with age and sex included as covariates. 

Analyses were run with and without the inclusion of the first 2 principal components: however, there 

was little evidence of population stratification (without PCs, GC= 1.003 and 1.001 for Mothers and 

Children, respectively). 

 

AREDS 1c 

The Age-Related Eye Disease Study (AREDS) was initially designed as a long-term multicenter, 

prospective study of the clinical course of age-related macular degeneration (AMD) and age-related 

cataract (Age-Related Eye Disease Study Research 2001a, b). In addition to collecting natural history 

data, AREDS included a randomized clinical trial of high-dose vitamin and mineral supplements for 

AMD and a clinical trial of high-dose vitamin supplements for cataract (Age-Related Eye Disease 



Study Research 2001a, b; Clemons et al. 2003). Prior to study initiation, the protocol was approved 

by an independent data and safety monitoring committee and by the institutional review board for 

each clinical center. Written informed consent was obtained from all participants before enrollment 

in accordance with the Declaration of Helsinki. AREDS participants were 55 to 80 years of age at 

enrollment 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. On the basis of fundus photographs graded 

by a central reading center, best-corrected visual acuity and ophthalmologic evaluations, 4,757 

participants were enrolled in one of several AMD categories, including persons with no AMD (control 

group). Visual acuity measurement of all participants was performed with the standard procedure 

developed for the Early Treatment of Diabetic Retinopathy Study (ETDRS). A refraction measurement 

was performed for participants at the randomization visit and each annual visit.  For those who 

experience a decrease of 10 letters from baseline visual acuity, refractions were also conducted at 

the non-annual visits. Blood samples were collected at baseline and longitudinally , and cell lines 

were established. DNA was extracted from cell lines according to standard protocols when the initial 

DNA supply has been depleted. For the current analysis, 1864 participants were included from the 

AREDS 1c population. Refractive error which was measured by a refraction protocol at baseline 

enrollment into the AREDS study (Age-Related Eye Disease Study Research 1999, 2001a, b; Clemons 

et al. 2003) was utilized for the definition of astigmatism. For AREDS 1c, genotyping of SNPs was 

performed using the Illumina HumanOmni2.5-4v1_B chip array and a genome-wide association study 

of astigmatism using the Illumina 2.5M chip was performed using a subset of the control group from 

the original AREDS study. These control individuals 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, color blindness, other congenital eye problems, 

LASIK, artificial lenses, and other eye surgery. For all studies, samples with low call rate (<98%), with 

low mean confidence scores over all non-missing genotypes, with chromosome anomalies, or with 

sex-mismatch were excluded. No samples exhibited excess heterozygosity rates (1.5 interquartile 

ranges above or below the upper/lower quartile ranges). Cryptic relatedness was detected by 

estimating IBD sharing and kinship coefficients among all possible pairs and one member of each pair 

exhibiting a sibling or closer relationship was dropped from the analysis. SNPs were dropped from 

the analysis if they exhibited more than 1 blind duplicate error, more than 1 HapMap control error or 

more than 1 error in HapMap control trios, a genotype call rate < 99%, minor allele frequency < 0.01, 

or Hardy-Weinberg P value < 10-4. Tests for batch effects were not significant. No sex-specific 

differences in allelic frequency (>0.2) or heterozygosity (>0.3) were detected. Imputation was 

performed with the Markov Chain Haplotyping (MACH) package version 1.0.17 software (imputed to 

plus strand of NCBI build 36, HapMap release #22). For each imputed SNP, a reliability of imputation 



was estimated as the ratio of the empirically observed dosage variance to the expected binomial 

dosage variance (O/E ratio). PLINK was used to perform the logistic regression association analyses, 

including age, sex and the first two principal components (to adjust for population stratification) as 

covariates. Genotype data from AREDS 1c are publicly available through the database of Genotype 

and Phenotype under the name of either the MMAP study or the AREDS study. 

 

BATS and TEST Studies 

The Australian Twin Eye Study comprises participants examined as part of the Twins Eye Study in 

Tasmania or the Brisbane Adolescent Twins Study.  Details of the study are described elsewhere 

(Mackey et al. 2009). Ethical approval was obtained from the Royal Victorian Eye and Ear Hospital, 

the University of Tasmania, the Australian Twin Registry and the Queensland Institute of Medical 

Research. In all subjects post-cycloplegic (following instillation of tropicamide 1%) refraction for both 

eyes was measured using a Humphrey-598 automatic refractor (Carl Zeiss Meditec, Inc., Miami, 

Florida, USA).  These measurements were used to determine the astigmatism trait analysed here. 

 

DNA was extracted from blood leucocytes according to standard procedures. The Australian cohorts 

were genotyped on the Illumina Human Hap610 Quad array. SNPs with a genotype success rate of 

0.95 or above was required for inclusion of the SNP into further steps of the analysis. Only SNPs in 

Hardy-Weinberg equilibrium were processed: the HWE inclusion threshold was P>10x10-6. The 

minimum minor allele frequency required for inclusion of individual SNPs was 0.01. Imputation was 

calculated with reference to HapMap release 22 CEU using MACH 

(http://www.sph.umich.edu/csg/abecasis/MACH/). 

Association analyses were performed using GeneABEL, adjusting for the sample relatedness and 

covariates such as age and sex.  Ancestry for these individuals was determined initially through self-

reporting and was verified through Principal Component decomposition of their ancestry with and 

without comparison with HapMap phase 2 European populations. Ancestral outliers were defined as 

having the first two principal components more than six standard deviations from the mean values of 

HapMap European samples, and therefore were subsequently excluded from the analyses.  

 

CROATIA-Korčula Study 

The CROATIA-Korčula study, Croatia, is a population-based, cross-sectional study that includes a total 

of 969 adult examinees, aged 18-98 (mean=56.3), from the Dalmatian island of Korčula and most 

(N=930) underwent a complete eye examination (Vitart et al. 2010). The study received approval 

from relevant ethics committees in Scotland and Croatia and followed the tenets of the Declaration 

of Helsinki. Non-cycloplegic autorefraction was measured on each eye using a NIDEK Ark30 hand-

http://www.sph.umich.edu/csg/abecasis/MACH/


held autorefractometer. Measures on eyes with a history of trauma, intra-ocular surgery, LASIK 

operations or keratoconus were removed. Analysis was performed as per analysis plan, excluding 

individuals with a cylinder power >= 5D in either eye and individuals with difference in cylinder 

power between right and left eyes beyond 4 standard deviations from the mean, and for over 25 

year-old  only as there were too few individuals in this study who were under 25 years of age. 

Genotypes were generated using a dense Illumina SNP array, 370CNV-Quad, following the 

manufacturer’s standard recommendations. Genotypes were determined using the Illumina 

BeadStudio software. Samples with a call rate below 97 % , potentially mixed samples with excess 

autosomal heterozygosity or gender discrepancy (based on the sex chromosomes genotypes), and 

ethnic outliers (based on principal components analysis of genotypic data), were excluded from the 

analysis using the quality control algorithm implemented in the R package GenABEL. Imputation of 

allele dosage for over 2 millions SNPs on the 22 autosomal chromosomes with reference to HapMap 

CEU build 36 release 22 was performed using the software MACH v1.0.15 after exclusion of SNP with 

MAF < 0.01, call rate < 98% and HWE deviation p< 10-6. After phenotypic and genotypic quality 

control steps, 826 individuals were available for the genetic association analysis. Genome-wide 

association analysis was performed using the ProbABEL package using an additive SNP allelic effect 

model and correcting for individual relatedness using the polygenic and mmscore functions 

implemented in the GenABEL package. Two ProbABEL analyses were run, one using the palogistic 

function which gives an estimate of OR and the second using the palinear function with the outcome 

as a quantitative trait and correcting for relatedness which yields corrected p-values of association 

upon which the standard errors of OR estimates are calculated. 

 

CROATIA-Split Study 

The CROATIA-Split study, Croatia, is a population-based, cross-sectional study in the Dalmatian City 

of Split that includes 1000 examinees aged 18-95. The study received approval from relevant ethics 

committees in Scotland and Croatia and followed the tenets of the Declaration of Helsinki. . 

Genotypes were generated using a dense Illumina SNP array, 370CNV-Quadv3, following the 

manufacturer’s standard recommendations. Genotypes were determined using the Illumina 

BeadStudio software. Samples with a call rate below 97 % , potentially mixed samples with excess 

autosomal heterozygosity or gender discrepancy (based on the sex chromosomes genotypes), and 

ethnic outliers (based on principal components analysis of genotypic data), were excluded from the 

analysis using the quality control algorithm implemented in the R package GenABEL. Imputation of 

allele dosage for over 2 millions SNPs on the 22 autosomal chromosomes with reference to HapMap 

CEU build 36 release 22 was performed using the software MACH v1.0.15 after exclusion of SNP with 



MAF < 0.01, call rate < 98% and HWE deviation p< 10- 343 individuals with good quality genotypes 

were used in this analysis.  Traits analysed and analyses were as in the CROATIA-Korcula Study 

 

CROATIA-Vis Study 

The CROATIA-Vis study, Croatia, is a population-based, cross-sectional study including adult 

participants, aged 18–93 years (mean = 56), from the Dalmatian island of Vis, a subset of which 

(N=640) underwent a complete eye examination in summer 2007 and provided their ophthalmologic 

history (Vitart et al. 2010). The study received approval from relevant ethics committees in Scotland 

and Croatia and followed the tenets of the Declaration of Helsinki. Genotypes were generated using 

a dense Illumina SNP array, HumanHap 300v1, following the manufacturer’s standard 

recommendations. Genotypes were determined using the Illumina BeadStudio software. Samples 

with a call rate below 97 % , potentially mixed samples with excess autosomal heterozygosity or 

gender discrepancy (based on the sex chromosomes genotypes), and ethnic outliers (based on 

principal components analysis of genotypic data), were excluded from the analysis using the quality 

control algorithm implemented in the R package GenABEL. Imputation of allele dosage for over 2 

millions SNPs on the 22 autosomal chromosomes with reference to HapMap CEU build 36 release 22 

was performed using the software MACH v1.0.15 after exclusion of SNP with MAF < 0.01, call rate < 

98% and HWE deviation p< 10-6. After phenotypic and genotypic quality control steps, 529 individuals 

were available for the genetic association analysis Traits analysed and analyses were as in  the 

CROATIA-Korcula Study 

 

Erasmus Rucphen Family Study (ERF) 

The Erasmus Rucphen Family (ERF) Study is a family-based cohort in a genetically isolated population 

in the southwest of the Netherlands with over 3,000 participants aged between 18 and 86 years. 

Cross-sectional examination took place between 2002 and 2005. The rationale and study design of 

this study have been described elsewhere (Aulchenko et al. 2004; Pardo et al. 2005). Cross-sectional 

examination took place between 2002 and 2005, including a non-dilated automated measurement of 

refractive error using a Topcon RM-A2000 autorefractor. All measurements in these studies were 

conducted after the Medical Ethics Committee of the Erasmus University had approved the study 

protocols and all participants had given a written informed consent in accordance with the 

Declaration of Helsinki.  

 

DNA was genotyped on one of four different platforms (Illumina 6k, Illumina 318K, Illumina 370K and 

Affymetrix 250K). Samples with low call rate (<97.5%), with excess autosomal heterozygosity 

(>0.336), or with sex-mismatch were excluded, as were outliers identified by the identity-by-state 



clustering analysis (outliers were defined as being >3 s.d. from population mean or having identity-

by-state probabilities >97%). A set of genotyped input SNPs with call rate >98%, with minor allele 

frequency >0.01, and with Hardy-Weinberg P value >10−6 was used for imputation. We used the 

Markov Chain Haplotyping (MACH) package version 1.0.15 software (Rotterdam, The Netherlands; 

imputed to plus strand of NCBI build 36, HapMap release #22) for the analyses. For each imputed 

SNP, a reliability of imputation was estimated as the ratio of the empirically observed dosage 

variance to the expected binomial dosage variance (O/E ratio). GWAS analyses were performed using 

the ProbABEL package. Mmscore models were used to correct for family structure. We used age and 

sex as covariates.  

 

Finnish Twin Study on Aging (FITSA) 

Finnish Twin Study on Aging (FITSA) (Parssinen et al. 2010) is a study of genetic and environmental 

effects on the disablement process in older female twins. The FITSA participants were 103 MZ and 

114 DZ Finnish twin pairs (424 individuals, all Caucasian women) aged 63-76 years who took part in 

multiple laboratory examination in 2000, 2003 and responded in questionnaires in 2011.  Before the 

examinations, the subjects provided a written informed consent according to the Declaration of 

Helsinki. The study protocol was approved by the ethics committee of the Central Hospital District of 

Central Finland. 

 

DNA was extracted from EDTA-anticoagulated whole blood according to standard procedures. 

Because the genotyping was part of a larger project, the GenomEUtwin project, three different 

genotyping platforms, the MegaBACE1000 (Amersham Biosciences) electrophoresis system, the 

ABI3700, and the ABI3730 (Applied Biosystems) automated electrophoresis systems were used. The 

genotype calls were made with the GeneticProfiler1.5 (MegaBACE1000) and GeneMapper3.7 

(ABI3700 and ABI3730) software. The genotyping quality control thresholds included minor allele 

frequency >0.01, success rate by marker >0.95, success rate by individual >0.95, and HWE 

P>0.000001. Oxford Impute2 program was used to generate the Hapmap2 CEU release 24 imputed 

SNPs. The posterior probability threshold for "best-guess" imputed genotypes was 0.9. Logistic 

regression analyses of astigmatism were performed using Plink 1.07 with age included in the model 

as a covariate.  

 

Framingham Eye Study  

The Framingham Eye Study (Leibowitz et al. 1980) (FES) was nested within the Framingham Heart 

Study (FHS, http://www.framinghamheartstudy.org), which began its first round of extensive physical 

examinations in 1948 by recruiting 5,209 men and women from the town of Framingham, MA, USA.  



Surviving participants from the original cohort returned for biennial exams, which continue to the 

present.  A total of 2675 FHS participants were also examined as part of the FES between 1973 and 

1975.  The FES was designed to evaluate ocular characteristics of examinees such as: senile cataract; 

age-related macular disease; glaucoma; and retinopathy.  Between 1989 and 1991, 1603 offspring of 

original cohort participants also received ocular examinations (Framingham Eye Study Group 1996). 

The analyses in the current study are limited to 1532 participants (43.9% men) from both the original 

and the offspring cohorts for whom both phenotype and genotype data were available. Most 

individuals in this analysis set are unrelated but a small number of related pairs remain. All data--

including refractive error, demographics and genotypes--were retrieved from the database of 

Genotypes and Phenotypes (dbGaP, http://www.ncbi.nlm.nih.gov/gap) after approval for controlled 

access to individual-level data. All study protocols are in compliance with the World Medical 

Association Declaration of Helsinki. Since 1971, written consent has been obtained from participants 

before each examination. The research protocols of the Framingham Heart Study are reviewed 

annually by the Institutional Review Board of the Boston University Medical Center and by the 

Observational Studies Monitoring Board of the National Heart, Lung and Blood Institute.  

 

Genotyping was conducted as part of the NHLBI Framingham SNP Health Association Resource 

(SHARe).  This sub-study contains genotype data for approximately 550000 SNPs (Affymetrix 500K 

mapping arrays [Mapping250k_Nsp and Mapping250K_Sty] plus Affymetrix 50K supplemental human 

gene-focused array) in over 9200 FHS participants (1497 of whom were used in this analysis).  

Samples were chosen based on pedigree information and genotyping quality; samples with a 

genotypic call rate below 95% were not chosen for analysis.  The mean call rate for analyzed samples 

was 99.2% (SD=0.4%).  Genotype data cleaning was carried-out in several steps.  The final marker list 

contained 436,494 high-quality SNPs with a minor-allele frequency >= 0.01, a Mendelian error rate 

below 2% across all pedigrees, a genotype call rate above 95%, and whose distribution was 

consistent with Hardy-Weinberg expectations (P>0.0001).  Genotype imputation to the HapMap-II 

reference panel (CEU population release 22, NCBI build 36) was carried out in a two-step process 

using the Markov Chain Haplotyping (MACH version 1.0.16.a) software.  First, crossover and error-

rate maps were built using 400 unrelated individuals (200 male and 200 female) sampled from FHS 

subjects.  Second, genotype imputations of approximately 2.5 million autosomal HapMap-II SNPs 

were carried out on the entire FHS dataset using parameters estimated from step 1. Logistic 

regression analyses of astigmatism were performed using PLINK with age, sex and the first two 

principal components (to adjust for population stratification) included in the model as covariates. 

 

 



Gutenberg Health Study (GHS1, GHS2) 

The Gutenberg Health Study (GHS) is a population-based, prospective, observational cohort study in 

the Rhine-Main Region in midwestern Germany with a total of 15,000 participants and follow-up 

after five years. The study sample is recruited from subjects aged between 35 and 74 years at the 

time of the exam. The sample was drawn randomly from local governmental registry offices and 

stratified by gender, residence (urban and rural) and decade of age. Exclusion criteria were 

insufficient knowledge of the German language to understand explanations and instructions, and 

physical or psychic inability to participate in the examinations in the study center. Individuals were 

invited for a 5-hour baseline-examination to the study center where clinical examinations and 

collection of blood samples were performed. An important feature of the study design is the 

interdisciplinary combination of an ophthalmological examination, general and especially 

cardiovascular examinations, psychosomatic evaluation, laboratory tests, and biobanking for 

proteomic and genetic analyses. All participants underwent an ophthalmological investigation of 25 

minutes’ duration taking place between 11:00 a.m. and 8:00 p.m. This examination was based on 

standard operating procedures and included a medical history of eye diseases, autorefraction and 

visual acuity testing (Humphrey® Automated Refractor/Keratometer (HARK) 599™, Carl Zeiss Meditec 

AG, Jena, Germany), visual field screening using frequency doubling technology (Humphrey® Matrix 

Perimeter, Carl Zeiss Meditec AG, Jena, Germany), central corneal thickness and keratometry 

measurement (Scheimpflug imaging with the Pachycam™, Oculus, Wetzlar, Germany), IOP 

measurement with a non-contact tonometer (Nidek NT-2000™, Nidek Co., Japan),  slitlamp 

biomicroscopy with undilated pupils (Haag-Streit BM 900®, Bern, Switzerland) and non-mydriatic 

fundus photography (Visucam PRO NM,™, Carl Zeiss Meditec AG, Jena, Germany), all administered by 

an ophthalmologist. The study was approved by the Medical Ethics Committee of the University 

Medical Center Mainz and by the local and federal data safety commissioners. According to the 

tenets of the Declaration of Helsinki, written informed consent was obtained from all participants 

prior to entering the study. 

 

Within GHS, DNA was extracted from buffy-coats from EDTA blood samples as described in Zeller et 

al.(Zeller et al. 2010). Genetic analysis was conducted in the first 5,000 study participants. For these, 

3,463 individuals were genotyped in 2008 (GHS1) and further 1,439 individuals in 2009 (GHS2). 

Genotyping was performed for GHS1 and GHS2 using the Affymetrix Genome-Wide Human SNP 

Array 6.0 (http://www.affymetrix.com), as described by the Affymetrix user manual. Genotypes were 

called using the Affymetrix Birdseed-V2 calling algorithm. Individuals with a call rate below 97% or a 

too high autosomal heterozygosity (3 s.d. from mean) and sex-mismatches were excluded. After 

applying standard quality criteria (minor allele frequency >1%, genotype call rate >98% and P-value 

http://www/


of deviation from Hardy-Weinberg equilibrium of >0.0001), 675,350 SNPs in 2791 individuals from 

GHS1 and 673,914 SNPs in 1,163 individuals from GHS2 remained for analysis (total 3954). 

Imputation of missing genotypes was performed using Impute software v2.1.0 and HapMap release 

24, NCBI Build 36. Logistic regression analyses of astigmatism were performed using SNPTEST with 

age, sex and the first two principal components (to adjust for population stratification) included in 

the model as covariates. 

 

KORA 

KORA ("Kooperative Gesundheitsforschung in der Region Augsburg" which translates as “Cooperative 

Health Research in the Region of Augsburg”) is a population based study of adults randomly selected 

from 430,000 inhabitants living in Augsburg and 16 surrounding counties in Germany (Holle et al. 

2005; Oexle et al. 2011; Steffens et al. 2006; Wichmann et al. 2005). The collection was done in 4 

separate groups from 1984-2001 (S1-S4). All survey participants are residents of German nationality 

identified through the registration office. In the KORA S3 and S4 studies 4,856 and 4,261 subjects 

have been examined implying response rates of 75% and 67%, respectively. 3,006 subjects 

participated in a 10-year follow-up examination of S3 in 2004/05 (KORA F3), and 3080 of S4 in 

2006/2008 (KORA F4). The age range of the participants was 25 to 74 years at recruitment. The study 

was approved by the local ethics committee. Written informed consent was obtained from all 

participants before enrollment in accordance with the Declaration of Helsinki.  Genome-wide 

genotyping using the Illumina 2.5M chip was performed on a subset of 1981 individuals in the S3/F3 

(mean age 55.7, range 35–84) who had measurements of refractive error and available DNA samples. 

For each subject, eyeglass prescriptions were measured in addition to an evaluation using the Nikon 

Retinomax. The individuals included in this GWAS are all Caucasian, do not have age-related macular 

degeneration, cataracts, retinitis pigmentosa, color blindness, other congenital eye problems, LASIK, 

artificial lenses, and other eye surgery. DNA was extracted from cell lines according to standard 

protocols. Genotyping of SNPs was performed using the Illumina HumanOmni2.5-4v1_B chip array. ). 

Samples with low call rate (<98%), with low mean confidence scores over all non-missing genotypes, 

with chromosome anomalies, or with sex-mismatch were excluded. No samples exhibited excess 

heterozygosity rates (1.5 interquartile ranges above or below the upper/lower quartile ranges). 

Cryptic relatedness was detected by estimating IBD sharing and kinship coefficients among all 

possible pairs and one member of each pair that exhibited a sibling or closer relationship was 

dropped from the analysis. SNPs were dropped from the analysis if they exhibited more than 1 blind 

duplicate error, more than 1 HapMap control error or more than 1 error in HapMap control trios, a 

genotype call rate < 99%, minor allele frequency < 0.01, or Hardy-Weinberg P-value < 10−4. Tests for 

batch effects were not significant. No sex-specific differences in allelic frequency (>0.2) or 



heterozygosity (>0.3) were detected. Eigenstrat did not detect significant population stratification 

and the genomic control inflation factor was 1.014. A subset of the retained SNPs was used for 

imputation with the Markov Chain Haplotyping (MACH) package version 1.0.17 software (imputed to 

plus strand of NCBI build 36, HapMap release #22). For each imputed SNP, a reliability of imputation 

was estimated as the ratio of the empirically observed dosage variance to the expected binomial 

dosage variance (O/E ratio). Logistic regression using PLINK 

(http://pngu.mgh.harvard.edu/purcell/plink) was used to perform the association analyses of 

astigmatism with age and sex included as covariates. 

 

Ogliastra Genetic Park, Talana study (OGP Talana) 

A cross-sectional ophthalmic study was performed in Talana, Perdasdefogu and Urzulei within the 

Ogliastra Project, a large epidemiological survey conducted in a geographically, culturally and 

genetically isolated population living in an eastern-central region of Sardinia (Biino et al. 2005). In 

Talana the study was carried out between October 2001 and October 2002 and adhered to the 

tenets of the declaration of Helsinki. Talana is an Ogliastran village situated at an altitude of 700 m 

above sea level in one of the most secluded areas of Sardinia; it has about 1200 inhabitants and, 

importantly, archival records are available from 1589 and genealogical trees have been 

reconstructed from 1640. 789 volunteers gave their written informed consent and were invited to 

the local medical centre, which was equipped with a complete set of ophthalmic instruments for this 

survey. All participants underwent a complete eye examination conducted according to a 

standardized protocol that included visual acuity measurement with Snellen charts at a distance of 5 

m, autorefraction (RK-8100 Topcon, Tokyo, Japan) assessing sphere, cylinder and axis, slit lamp 

biomicroscopy (Model BQ900, Haag-Streit, Bern, Switzerland), contact tonometry and colour fundus 

photography (TRC-50IA,Topcon) and non-contact optical biometry (IOLMaster,Carl Zeiss, Italy) and 

Optical coherence tomography (OCT). Whole blood was obtained from all consenting family 

members of Talana village for DNA extraction. Genotyping was carried out using the Affymetrix 500k 

chips using standard protocols. SNPs quality control was performed using the GenABEL software 

package in R. Samples with overall SNP call rate < 93%, with minor allele frequency < 0.01, and with 

Hardy-Weinberg P value >10−6, showing excess of heterozygosity, or being classified as outliers by 

allelic identity-by-state (IBS) clustering analysis, were excluded. Using the phase II CEU HapMap 

individuals (release 22, NCBI build 36) as reference panel for imputation, we imputed genotypes to 

nearly 2.5 milion SNPs using MACH. SNPs imputed with Rsq <0.3 were excluded. Genome-wide 

association analysis was performed using an additive SNP allelic effect model and correcting for 

individual relatedness using the polygenic and mmscore functions as implemented in the GenABEL 

package. Sex and age were used as covariates. 

http://pngu.mgh.harvard.edu/purcell/plink


Orkney Complex Disease Study (ORCADES) 

The Orkney Complex Disease Study (ORCADES) is a population-based, cross-sectional study in the 

Scottish archipelago of Orkney, including 1,285 individuals with eye measurements. The study 

received approval from relevant ethics committees in Scotland and followed the tenets of the 

Declaration of Helsinki. Autorefractive measurements were obtained using a Kowa KW 2000 

autorefractometer. Measures on eyes with a history of trauma, intra-ocular surgery, LASIK 

operations or keratoconus  were removed. Analysis was performed as per analysis plan excluding 

individuals with a cylinder power >= 5D in either eye and individuals with difference in cylinder 

power between right and left eyes beyond 4 standard deviations from the mean, and for over 25 

year-old  only as under 25 year were too few.  . Genotypes were generated using a dense Illumina 

SNP arrays, HumanHap 300v2 and 370CNV-Quad, following the manufacturer’s standard 

recommendations. Genotypes were determined using the Illumina BeadStudio software. Samples 

with a call rate below 97 % , potentially mixed samples with excess autosomal heterozygosity or 

gender discrepancy (based on the sex chromosomes genotypes), and ethnic outliers (based on 

principal components analysis of genotypic data), were excluded from the analysis using the quality 

control algorithm implemented in the R package GenABEL. Imputation of allele dosage for over 2 

millions SNPs on the 22 autosomal chromosomes with reference to HapMap CEU build 36 release 22 

was performed using the software MACH v1.0.15 after exclusion of SNP with MAF < 0.01, call rate < 

98% and HWE deviation p< 10-6.  502 individuals which had been genotyped and passed genotyping 

quality control were used in this analysis. Genome-wide association analysis was performed using the 

ProbABEL package using an additive SNP allelic effect model and correcting for individual relatedness 

using the polygenic and mmscore functions implemented in the GenABEL package. Two ProbABEL 

analyses were run, one using the palogistic function which gives an estimate of OR and the second 

using the palinear function with the outcome as a quantitative trait and correcting for relatedness 

which yields corrected p-values of association upon which the standard errors of OR estimates are 

calculated. 

 

RAINE Eye Health Study (REHS) 

The Raine Eye Health Study (REHS) was conceived to determine the prevalence of and risk factors for 

eye disease in young adults, and to characterize ocular biometric parameters in a young adult cohort 

(Yazar et al. 2013). The Western Australian Pregnancy Cohort (Raine) Study originated as a 

randomized-controlled trial of 2900 women recruited from the state’s largest maternity hospital. 

Their offspring (N=2868) have been followed at birth, ages 1, 2, 3, 5, 8, 10, 14, 17 and 20 years of age 

in a prospective cohort study. DNA was collected from participants for genome-wide association 

studies and genotyping was performed using Illumina 660 Quad Array. Any pair of individuals who 



were related with a π > 0.1875 (in between second and third degree relatives – e.g. between half-sibs 

and cousins) was investigated, and the individual with the higher proportion of missing data was 

excluded from the ‘clean’ dataset (68 individuals excluded). Individuals who had low genotyping 

success (i.e. missing data) were excluded from the ‘clean’ dataset – a threshold of absent data > 3% 

was used for exclusion (16 individuals excluded). Additionally, if they had high levels of 

heterozygosity then they were also excluded (heterozygosity < 0.30 excluded 3 individuals). SNPs 

which did not satisfy a Hardy-Weinburg equilibrium p-value > 5.7x10-7 (919 markers), a call rate 

>95% (97,718 markers), and a minor allele frequency >0.01 (1%) (119,246 markers – includes CNV’s) 

were excluded. To account for population stratification, the first five principal components were 

calculated using a subset of 42,888 SNPS that were not in LD with each other. Principal component 

analysis was conducted using the EIGENSTRAT program. The MACH v1.0.16 

(http://www.sph.umich.edu/csg/yli/mach/index.html) software was used for GWAS imputation on 

the 22 autosomes. Once the data were cleaned, a two step process was carried out using the CEU 

samples from HapMap phase2 build 36 release 22 (http://hapmap.ncbi.nlm.nih.gov/index.html.en) 

as a reference panel. At the 20-year follow-up participants completed a comprehensive eye 

assessment that included visual acuity, orthoptic assessment and cycloplegic autorefraction, as well 

as several ocular biometric variables and multiple ophthalmic photographs of the anterior and 

posterior segments. Using the 20 year follow-up examination refractive error phenotypes, 1007 

Caucasian participants with both astigmatism case/control phenotypes and high quality genotypes 

were included in the current analysis. Logistic regression using R with a Plink interface was used to 

perform the association analyses of astigmatism with age, sex and the first two principal components 

included as covariates. 

 

Rotterdam Study (RS1, RS2, RS3) 

The Rotterdam Study is a prospective population-based cohort study in the elderly living in 

Ommoord, a suburb of Rotterdam, the Netherlands. Details of the study are described elsewhere 

(Hofman et al. 2011). In brief, the Rotterdam Study consists of 3 independent cohorts: RS1, RS2, and 

RS3. For the current analysis, 5,422residents aged 55 years and older were included from RS1, 1,973 

participants aged 55 and older from RS2, and 1,971 aged 45 and older from RS 3. 99% of subjects 

were of Caucasian ancestry. Participants underwent multiple physical examinations with regular 

intervals from 1991 to present, including a non-dilated automated measurement of refractive error 

using a Topcon RM-A2000 autorefractor. All measurements in RS-1–3 were conducted after the 

Medical Ethics Committee of the Erasmus University had approved the study protocols and all 

participants had given a written informed consent in accordance with the Declaration of Helsinki.  

DNA was extracted from blood leucocytes according to standard procedures. Genotyping of SNPs 



was performed using the Illumina Infinium II HumanHap550 chip v3.0 array (RS-I); the HumanHap550 

Duo Arrays and the Illumina Human610-Quad Arrays (RS-II), and the Human 610 Quad Arrays  

Illumina (RS-III). Samples with low call rate (<97.5%), with excess autosomal heterozygosity (>0.336), 

or with sex-mismatch were excluded, as were outliers identified by the identity-by-state clustering 

analysis (outliers were defined as being >3 s.d. from population mean or having identity-by-state 

probabilities >97%). We used genomic control to obtain optimal and unbiased results and applied the 

inverse variance method of each effect size estimated for both autosomal SNPs that were genotyped 

and imputed in both cohorts. A set of genotyped input SNPs with call rate >98%, with minor allele 

frequency >0.01, and with Hardy-Weinberg P value >10−6 was used for imputation. We used the 

Markov Chain Haplotyping (MACH) package version 1.0.15 software (Rotterdam, The Netherlands; 

imputed to plus strand of NCBI build 36, HapMap release #22) for the analyses. For each imputed 

SNP, a reliability of imputation was estimated as the ratio of the empirically observed dosage 

variance to the expected binomial dosage variance (O/E ratio). GWAS analyses were performed using 

GRIMP with age and sex included as covariates.  

 

TwinsUK 

The TwinsUK adult twin registry based at St. Thomas’ Hospital in London is a volunteer cohort of over 

10,000 twins from the general population (Spector and Williams 2006). Twins largely volunteered 

unaware of the eye studies, gave fully informed consent under a protocol reviewed by the St. 

Thomas’ Hospital Local Research Ethics Committee and underwent non-cyclopleged autorefraction 

using an ARM-10 autorefractor (Takagi Ltd). Out of the original 4,388 subjects for whom phenotype 

and genotype information was available, 2658 subjects were included in the current analysis. 

Genotyping was carried out using three genotyping platforms from Illumina: the HumanHap 300k 

Duo for part of the UK Twin Cohort and the HumanHap610-Quad array for the rest of the UK Twin 

Cohort. Imputation was calculated with reference to HapMap release 22 CEU population data using 

IMPUTE version 2. Individuals were included if their genotyping success rate exceeded 95%, did not 

show excess or low heterozygosity (defined by the interval interval of 0.2-04). SNPs were included in 

the imputation if they had a genotype success rate of at least 0.95 if their minor allele frequency was 

superior to 0.005 and at least 0.99 if their MAF was 0.01-0.05. Only SNPs that were within Hardy-

Weinberg equilibrium (p>10-04) and had a minor allele frequency of 0.04 or above were regressed. 

Logistic regression analyses of astigmatism were performed using PLINK with age, sex and the first 

two principal components (to adjust for population stratification) included in the model as 

covariates. 

 

 



Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) 

WESDR is an observational cohort study of diabetes complications (1979-2007)(Klein et al. 2010). 

Subjective refraction, measured following standard protocols at first visit, was analyzed in the 

current study (n=589).  

Subjects with type 1 diabetes from WESDR were genotyped using Illumina HumanOmni1-Quad 

BeadChip assay. Individuals showing gender mismatch with typed X-linked markers (n=8), cryptic 

relatedness (n=5), high autosomal heterozygosity (n=6), call rate <0.95 (n=30), as well as ethnicities 

other than “white” were not included in the analysis. Population genetic approaches based on multi-

dimensional scaling implemented in PLINK v1.07 were used to identify and exclude ethnically 

admixed individuals. Imputation was performed in IMPUTE v2.2.2 using all populations from HapMap 

phase II release 22 as reference (IMPUTE2 chooses the best custom reference set for each individual 

internally). Association analysis was performed by PLINK v1.07 using genotype dosages to account for 

imputation uncertainty.  The regression model accounted for age, gender and the first two principal 

components. 

 

Young Finns Study (YFS) 

The YFS cohort is a Finnish longitudinal population study sample on the evolution of cardiovascular 

risk factors from childhood to adulthood (Raitakari et al. 2008). The first cross-sectional study was 

conducted in the year 1980 in five different centers. It included 3,596 participants in the age groups 

of 3, 6, 9, 12, 15, and 18, who were randomly chosen from the national population register. After the 

baseline in 1980 these subjects have been re-examined in 1983 and 1986 as young individuals, and in 

2001, 2007 and 2011 as older individuals. For the current analysis a subsample from the newest 

(2011) follow-up was used from four centers (N=1480) where the refractive error measurements 

data from both eyes were available. 

This study was carried out in accordance with the recommendations of the Declaration of Helsinki. 

All participants provided written informed consent and the study protocol was approved by the 

Ethics Committee. 

 

Genomic DNA was extracted from peripheral blood leukocytes using a commercially available kit and 

Qiagen BioRobot M48 Workstation according to the manufacturer’s instructions (Qiagen, Hilden, 

Germany). Genotyping was done for 2,556 samples using custom build Illumina Human 670k 

BeadChip at Welcome Trust Sanger Institute. Genotypes were called using Illuminus clustering 

algorithm. 56 samples failed Sanger genotyping pipeline QC criteria (i.e., duplicated samples, 

heterozygosity, low call rate, or Sequenom fingerprint discrepancy). From the remaining 2,500 

samples one sample failed gender check, three was removed due to low genotyping call rate (< 0.95) 



and 54 samples for possible relatedness (pi-hat > 0.2) . 11,766 SNPs were excluded based on Hardy–

Weinberg equilibrium (HWE) test (p ≤ 10-6), 7,746 SNPs failed missingness test (call rate < 0.95 ) and 

34,596 SNPs failed frequency test (MAF < 0.01). After quality control there were 2,442 samples and 

546,677 genotyped SNPs available for further analysis (Smith et al. 2010). Genotype imputation was 

performed using MACH (Booij et al. 2011; Li et al. 2009) 1.0 and HapMap II CEU (release 22, NCBI 

build 36, dbSNP 126) samples as reference. Palindromic A/T and C/G SNPs were removed before 

imputation. After imputation there were 2,543,887 SNPs available. SNPs with squared correlation 

between imputed and true genotypes ≥ 0.30 were considered well imputed. Logistic regression 

analyses of astigmatism were performed using SNPTEST v.2.1.1.with age, sex and the first two 

principal components (to adjust for population stratification) included in the model as covariates. 

 

 

ASIAN ETHNICITY STUDIES 

 

Beijing Eye Study (BES) 

The BES is a population-based cohort of Han Chinese in the rural region and in the urban region of 

Beijing in North China.  The Medical Ethics Committee of the Beijing Tongren Hospital approved the 

study protocol and all participants gave informed consent, according to the Declaration of Helsinki.  

At baseline (2001), 4439 individuals out of 5324 eligible individuals aged 40 years or older 

participated (response rate: 83.4%). In the years 2006 and 2011, the study was repeated by re-

inviting all participants from the survey from 2001 to be re-examined.  Out of the 4439 subjects 

examined in 2001, 3251 (73.2%) subjects returned for the follow-up examination in 2006, and 2695 

(60.7%) subjects returned for the follow-up examination in 2011.  For all subjects, visual acuity was 

measured. Automatic refractometry (Auto Refractometer AR-610, Nidek Co., Ltd, Tokyo, Japan) was 

performed if uncorrected visual acuity was lower than 1.0. The values obtained by automatic 

refractometry were verified and refined by subjective refractometry. Refraction data collected in 

2011 was used in the analysis. In the survey of 2006, blood samples were taken from 2,929 (90.1%), 

and DNA was extracted from blood leucocytes according to standard procedures.  We performed 

genotyping using Illumina Human610-Quad BeadChip in 988 subjects (Cornes et al. 2012). Of them, 

we excluded 151 with cryptic relatedness during sample QC procedure. Additional 259 Individuals 

with cataract surgery or missing refraction data were also excluded. This left a total of 585 individuals 

for analysis.   Logistic regression analyses of astigmatism were performed using 585 individuals with 

age, sex and the first two principal components (to adjust for population stratification) included in 

the model as covariates. 

 



 

Singapore Prospective Study Program (SP2) 

Samples of SP2 were from a revisit of two previously conducted population-based surveys carried out 

in Singapore between 1992 and 1998, including the National Health Survey 1992 and the National 

Health Survey 1998(Hughes et al. 1997). These studies comprise random samplings of individuals 

stratified by ethnicity from the entire Singapore population. A total of 8266 subjects were invited in 

this follow-up survey and 6301 (76.1% response rate) subjects completed the questionnaire, of which 

4056 (64.4% of those who completed the questionnaire) also attended the health examination and 

donated blood specimens. The present GWA genotyping for SP2 involved individuals of Chinese 

descent only (n=2,867)(Sim et al. 2011). 

 

Of the 2,867 blood-derived DNA samples, 392 samples were genotyped on the HumanHap 550v3, 

1,459 samples on the 610-Quad, 817 samples on the 1M-Duov3, 191 samples on both 550v3 and 1M-

Duov3, and 8 samples on both 610-Quad and 1M-Duov3. For the samples that were genotyped on 

two platforms, we used the genotypes from the denser platform in our study. We excluded 443 

individuals on the following conditions, sample call rates of less than 95%, excessive heterozygosity, 

cryptic relatedness by IBS, population structure ascertainment, and gender discrepancies as listed in 

the main text. This left 2,434 post-QC SP2 samples. During the SNPs QC procedure, we excluded SNPs 

with low genotyping call rates (> 5% missingness) or monomorphic, with MAF < 1%, or with 

significant deviation from HWE (P< 10-6). This yielded a post-QC set of 462,580 SNPs. As SP2 samples 

are genotyped on different platforms, the concordance of the duplicate samples plated on different 

Beadarrays chips was also examined as quality of genotyping. The average SNP concordance rate 

between chips for the post-QC duplicated samples was 0.995. We additionally assessed the SNPs that 

are present on different platforms for extreme variations in allele frequencies with a 2-degree of 

freedom chi-square test of proportions, removing 62 SNPs with P-values < 0.0001.  

A total of 1954 individuals had both high quality genotype data and astigmatism trait data and were 

used in the present logistic regression analysis, with age and sex included in the model as covariates. 

 

Singapore Malay Eye Study (SiMES) 

SiMES is a population-based prevalence survey of Malay adults aged 40 to 79 years living in 

Singapore that was conducted between August of 2004 and June of 2006(Foong et al. 2007).  From a 

Ministry of Home Affairs random sample of 16,069 Malay adults in the Southwestern area, an age-

stratified random sampling strategy was used in selecting 1400 from each decade from age 40 years 

onward (40–49, 50–59, 60–69, and 70–79 years).The 4,168 eligible participants from the sampling 

frame, while 3280 (78.7%) participated. Genome-wide genotyping was performed in 3,072 



individuals (Cornes et al. 2012; Vithana et al. 2011). 

Total of 3,072 DNA samples were genotyped using the Illumina Human 610 Quad Beadchips (Khor et 

al. 2011; Vithana et al. 2011). Using the same quality control criteria, we omitted a total of 530 

individuals including those of subpopulation structure (n=170), cryptic relatedness (n=279), excessive 

heterozygosity or high missingness rate > 5% (n=37), and gender discrepancy (n=44). A total of 2165 

individuals were over age 25 and had high quality genotypes and phenotypes for astigmatism. After 

the removal of the samples, SNP QC was then applied on a total of 579,999 autosomal SNPs for the 

2,542 post-QC samples.  SNPs were excluded based on (i) high rates of missingness (> 5%) ; (ii) 

monomorphism or MAF < 1% ; or (iii) genotype frequencies deviated from HWE (p <1  10-6). Logistic 

regression analyses of astigmatism were performed using 2165 individuals with age, sex and the first 

two principal components (to adjust for population stratification) included in the model as 

covariates. 

 

Singapore Indian Eye Study (SINDI) 

SINDI is a population-based survey of major eye diseases (Lavanya et al. 2009) in ethnic Indians aged 

40 to 80 years living in the South-Western part of Singapore and was conducted from August 2007 to 

December 2009. In brief, 4,497 Indian adults were eligible and 3,400 participated. Genome-wide 

genotyping was performed in 2,953 individuals (Khor et al. 2011). Participants were excluded from 

the study if they had cataract surgery and missing refraction data.  

The Illumina Human610 Quad Beadchips was used for genotyping all DNA samples from SINDI 

(n=2,593).  We excluded 415 subjects from the total of 2,953 genotyped samples based on: excessive 

heterozygosity or high missingness rate > 5%  (n=34) , cryptic relatedness (n=326), issues with 

population structure ascertainment (n=39) and gender discrepancies (n=16). This left a total of 2,538 

individuals with 579,999 autosomal SNPs and 1998 of these individuals were also over age 25 and 

had astigmatism phenotype data.  During SNP QC procedure.  SNPs were excluded based on (i) high 

rates of missingness (> 5%) ; (ii) monomorphism or MAF < 1% ; or (iii) genotype frequencies deviated 

from HWE (p <1  10-6). Logistic regression analyses of astigmatism were performed using 1998 

individuals with age, sex and the first two principal components (to adjust for population 

stratification) included in the model as covariates. 

 

Singapore Chinese Eye Study (SCES) 

Similar to SINDI, the Singapore Chinese Eye Study (SCES) is a population-based cross-sectional study 

of eye diseases in Chinese adults 40 years of age or older residing in the southwestern part of 

Singapore. The methodology of the SCES study has been described in detail previously. Between 

2009 and 2011, 3,353 (72.8%) of 4,605 eligible individuals underwent a comprehensive 



ophthalmologic examination, using the same protocol as SINDI (Foong et al. 2007). Genome-wide 

genotyping using was done in a subset of 1,952 SCES participants using Illumina Human610-Quad 

BeadChip (Cornes et al. 2012) The same QC methods used for SiMES and SINDI were applied to the 

SCES genotyping samples: samples were excluded if they showed evidence of admixture, cryptic 

relatedness, high heterogeneity and gender discrepancies. From a starting number of 1,952 

individuals, three samples had per-sample call rate of <95% and were removed from analysis. A total 

of 21 individuals showed evidence of admixture and were consequently excluded. Biological 

relationship verification revealed a total of 29 sample pairs with cryptic relatedness. For these, the 

sample with the lower call rate was removed. In addition, further 14 samples with impossible 

biological sharing or heterogeneity, probably because of contamination, were removed, as well as 

two individuals who were removed due to gender discrepancies. PC analysis of the remaining 

individuals for SCES against the HapMap CHB (Han Chinese) reference populations did not show the 

cohort to be dissimilar in ancestry, and therefore no PCs were used to correct for any underlying 

population substructure in the analysis performed. Individuals were excluded from the study if they 

had cataract surgery and missing refraction data. After phenotype and genotype QC, 1,662 

individuals were left for the analysis. Logistic regression analyses of astigmatism were performed 

using 1,662 individuals with age and sex included in the model as covariates. 

 

Strabismus, Amblyopia and Refractive Error Study (STARS) 

The Strabismus, Amblyopia and Refractive Error Study in Singaporean Chinese Preschoolers (STARS) 

Family study is a family-based study nested in a prevalence survey of Singaporean preschool children 

(n=3,009) conducted from March 2008 to March 2010(Li et al. 2011). The biological parents of STARS 

probands with myopia (SD ≤ -0.5D) were invited to enroll in the STARS Family study. A total of 1,451 

samples from 440 nuclear fmailies were genotyped using Illumina Human610 Quad Beadchips. The 

811 parents who were defined as cases/controls for astigmatism and who also had available, high 

quality GWAS genotypes were used in the current study. The STARS Family study followed the tenets 

of the Declaration of Helsinki and was approved by Institutional Review Board of the Singapore Eye 

Research Institute (SERI) and the National Healthcare Group (NHG). Informed written consent was 

obtained from parents after explanation at clinic.  Logistic regression using 811 individuals was used 

to perform the association analyses of astigmatism with age and sex as covariates. 

 

Singapore Cohort Study of the Risk Factors for Myopia  (SCORM)  

The Singapore Cohort Study of the Risk Factors for Myopia (SCORM) is a prospective cohort study 

conducted in two schools in Singapore from 1999-2002. Children aged 7 to 9 years (n = 981) were 

followed up over a 3-year period. The recruitment and examination procedures have been described 



previously (Saw et al. 2002a; Saw et al. 2002b; Saw et al. 2005). The tenets of the Declaration of 

Helsinki were observed, and approval was granted by the Singapore Eye Research Institute Ethics 

Committee. Cycloplegic autorefraction and biometry parameter measures were performed annually, 

according to the same protocol. The astigmatism phenotypes used in this study were based on 

refractive error measurements from the fourth annual examination. A total of 1116 DNA samples 

(1037 from buccal swab and 79 from saliva) were genotyped using Illumina HumanHap 550 or 550 

Duo Beadarrays (Illumina Inc., San Diego, CA). The Illumina BeadStudio program (Illumina Inc., San 

Diego, CA) was used for genotyping calls of each marker. Markers were excluded if they were 

significantly out of Hardy–Weinberg equilibrium in the control dataset (P<10−5), had a minor allele 

frequency <1%, or had missing genotype calls >10% across samples. Samples were excluded if the 

overall genotype call rate was <98% or deviation in population membership was observed from 

population structure analysis using EIGENSTRAT programs.  After quality control, imputation was 

performed using IMPUTE software with the reference of Hapmap JPT+CHB populations, build 36, 

release 22 db126. A total of 917 children with both astigmatism phenotype and high quality 

genotype data were included in the current analysis.  Logistic regression using 917  individuals was 

used to perform the association analyses of astigmatism with age and sex included as covariates. 

 

All Singapore studies adhere to the Declaration of Helsinki. Ethics approvals have been obtained from 

the Institutional Review Boards of the Singapore Eye Research Institute, Singapore General hospital, 

National University of Singapore and National Healthcare Group, Singapore. In all cohorts, 

participants provided written, informed consent at the recruitment into the studies. For studies 

involving children (SCORM), written informed consent was obtained from the children’s parents. 

 



Supplementary Table S1a. Phenotyping methods – Astigmatism was defined based on refractive 

error (cylinder power)  

  Study name Measurement of Astigmatism 
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1958 British Birth Cohort Non-cycloplegic autorefraction   

ALSPAC Mothers Non-cycloplegic autorefraction 

AREDS1c subjective refraction 

BATSplusTEST Humphrey-598 autorefractor 

CROATIA-Korcula non cycloplegic, Nidek Ark30 hand-held autorefractometer 

CROATIA-Split non cycloplegic, Nidek Ark30 hand-held autorefractometer 

CROATIA-Vis non cycloplegic, Nidek Ark30 hand-held autorefractometer 

ERF4 Topcon RM-A2000 autorefractor 

FITSA Topcon AT (Tokyo, Japan) 

Framingham subjective refraction 

GUTENBERG Humphrey-599 automated Refactor 

KORA Nikon Reinomax 

OGLIASTRA RK-8100 Topcon autorefractor 

ORCADES non cyclopegic-Kowa KW 2000 autorefractometer 

ROTTERDAM 1 Topcon RM-A2000 autorefractor 

ROTTERDAM 2 Topcon RM-A2000 autorefractor 

ROTTERDAM 3 Topcon RM-A2000 autorefractor 

TwinsUK Non-cycloplegic autorefraction 

WESDR adults subjective refraction 

YFS NIDEK AR-310AR autorefractor 
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s BES Non-cycloplegic autorefraction 

HK-MGS adults Shin-Nippon SRW-5000 

SCES Canon RK5 autorefractor 

SIMES Canon RK-5 Auto Ref-Keratometer 

SINDI Canon RK-5 Auto Ref-Keratometer 

SP2 Canon RK-5 Auto Ref-Keratometer 

STARS Canon RK-F1 Autorefractor, Welch Allyn retinoscopy 
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ALSPAC children Non-cycloplegic autorefraction 

BATSplusTEST children Humphrey-598 autorefractor 

RAINE Nidek ARK-510A autorefractor 

WESDR children subjective refraction 
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SCORM Canon RK5 autorefractor 



Supplementary Table S1b. Genotyping and imputation methods 

 

Study name  GWAS chip Population used for imputation 

Eu
ro
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n
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h
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s 

1958 British 
Birth Cohort 

Primarily Illumina 1 million (N=1,000) and then partially 
overlapping collections of Illumina 610k, Affymetrix 1 
million, Affymetrix 500k 

CEU (HapMap2) 

ALSPAC 
Mothers 

Illumina 660 W-quad BeadChip HapMap CEU individuals, build 36, release 22, dbSNP 126 

AREDS1c Illumina HumanOmni2.5_4v1_B chip array HapMap2 

BATS & TEST Illumina HumanHap610 quad 1K Genomes EUR 

CROATIA-
Korcula 

Illumina 370CNV-Quad CEU (HapMap2) 

CROATIA-Split Illumina 370CNV-Quad CEU (HapMap2) 

CROATIA-Vis Illumina HumanHap 300v1 CEU (HapMap2) 

ERF4 
 llumina 6k, Illumina 318K, Illumina 370K and Affymetrix 
250K 

Hapmap CEU, build 36, release 22 

FITSA Illumina HumanHap300 (317k)  HapMap2 CEU, release 24 

Framingham 
Affy HuGeneFocused_50K; Affy Mapping250k_Nsp; and 
Affy Mapping250_sty 

HapMap2 

GUTENBERG Affymetrix Genome-Wide Human SNP6.0 Array HapMap2 

KORA HumanOmni2.5-4v1_B chip array HapMap2 

OGLIASTRA 500k Affymetrix array chip CEU build 36 release 22 

ORCADES part Illumina HumanHap 300v2 and part 370CNV-Quad HapMap2 CEU 

ROTTERDAM 1 Illumina Infinium II HumanHap550 chip v3.0 array  Hapmap CEU, build 36, release 22 

ROTTERDAM 2 
HumanHap550 Duo Arrays + Human610-Quad Arrays 
Illumina 

 Hapmap CEU, build 36, release 22 

ROTTERDAM 3 Human 610 Quad Arrays Illumina  Hapmap CEU, build 36, release 22 

TwinsUK Illumina 610k, Illumina 317K CEU (HapMap2) 

WESDR adults Illumina Human Omni1-Quad 
HapMap 2 r22 CEU+CHB+JPT+YRI (IMPUTE automatically 
picks the best custom set of reference panel for each 
individual) 

YFS Illumina HumanHap670k BeadChip Hapmap2 CEF (release 22, build 36, dbSNP 126 

 



Supplementary Table S1b continued… 
A
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BES Illumina HumanHap550 BeadChip HapMap CEU individuals, build 36, release 22, dbSNP 126 

HK-MGS adults Illumina human610-quad HapMap Asian panel 

SCES HumanHap 610 Hapmap JPT+CHB, build 36, release 22 db126  

SIMES HumanHap 610 Hapmap CEU, JPT+CHB and YRI, build 36, release 22 db126 

SINDI HumanHap 610 Hapmap CEU, JPT+CHB and YRI, build 36, release 22 db127 

SP2 HumanHap 610,1million Hapmap JPT+CHB, build 36, release 22 db126  

STARS HumanHap 610 Hapmap JPT+CHB, build 36, release 22 db126  
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ALSPAC 
children 

Illumina 660 W-quad BeadChip HapMap CEU individuals, build 36, release 22, dbSNP 126 

BATS & TEST 
children 

Illumina HumanHap610 quad 1K Genomes EUR 

RAINE Illumina 660W Quad HapMap2 

WESDR children Illumina Human Omni1-Quad HapMap2 r22 CEU+CHB+JPT+YRI 
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SCORM HumanHap 550,550Duo Hapmap JPT+CHB, build 36, release 22 db126  



Supplementary Table S2. Study specific lambda estimates 

  Study Name lambda 

Eu
ro

p
ea

n
 a

d
u

lt
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o
h

o
rt

s 

1958 British Birth Cohort 1.006 

ALSPAC Mothers 1.004 

AREDS 1.000 

BATS & TEST adults 1.011 

CROATIA-Korcula 1.000 

CROATIA-Split 0.995 

CROATIA-Vis 0.997 

ERF4 1.006 

FITSA 1.094 

Framingham 0.982 

GUTENBERG 0.993 

KORA 0.982 

OGLIASTRA 0.986 

ORCADES 0.998 

ROTTERDAM 1 0.998 

ROTTERDAM 2 1.001 

ROTTERDAM 3 0.997 

TwinsUK 0.996 

WESDR adults 0.999 

YFS 0.998 

A
si

an
 a

d
u

lt
 c

o
h

o
rt

s BES 0.995 

HK-MGS adults 0.997 

SCES 0.999 

SIMES 0.998 

SINDI 0.998 

SP2 1.003 

STARS 0.997 

Eu
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p
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u
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o
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ALSPAC children 1.001 

BATS & TEST children 1.013 

RAINE 1.002 

WESDR children 1.010 

A
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SCORM 0.998 
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