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Supplementary Figure 2. Manhattan plot and QQ plot of the meta-analysis of GWAS results in 
Europeans  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure 3. Manhattan plot and QQ plot of the meta-analysis of GWAS results in 
Asians  
 
 
 

 
 
 
  



Supplementary Figure 4. Regional association plots for the 41 identified loci 
LD (r2) shown in the plots based on European populations 
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Supplementary Figure 5. Overlap of genes associated with corneal curvature, axial length and spherical equivalent. 

Genes in black are CC-associated genes identified in the current study; Genes in blue are genes for axial length 

identified from previous papers 23,27.  
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Supplementary Figure 6 Network shows functional annotation of genes at top loci 
 
This figure shows the top network (score=38, IPA computes a score for each network according to the 
fit of that network to the user-defined set of Focus Genes) generated by IPA network analysis. ‘IPA 
overlay function’ was applied to show the significant pathways (after FDR correction). All symbols 
were correlated. Figure shows the correlation between connective tissue disorder with symbols involved 
in the network. IPA: https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/. 

 
  

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/


13 
 

Supplementary Table 1. Study cohorts and summary of corneal curvature measures  (total N=44,042) 
Study  N Male, % Age (SD), years Mean (SD), 

mm  
Method of measurement 

European ancestry  29580     

 ALSPA
C 

 2113 46.7 15.5 (0.3) 7.82 (0.26) IOLmaster 

 BATS        
  10 ≤  

age < 25 
992 46.3 19.1 (3.2) 7.67 (0.25) Humphrey-598 Automatic 

Refractor/Keratometer 
  age ≥ 25 157 43.3 26.5 (2.4)         7.64 

(0.27) 
Humphrey-598 Automatic 
Refractor/Keratometer 

 BMES  1269 42.7 67.1 (9.2) 7.77 (0.61) IOLmaster 
 Croatia-Korcula 849 35.8 56.7 (13.4) 7.78 (0.31) Eschosan US-1800 
 Croatia-

Split 
 762 39.4 52.1(13.0) 7.76 (0.27) Eschosan US-1800 

 Croatia-
Vis 

 568 40 56.4 (13.4) 7.73 (0.26) Eschosan US-1800 

 ERF  2530 45 50.2 (12.8) 7.72 (0.27) Topcon RM-A2000 autorefractor 
 EPIC-

Norfolk 
 927 42.5 68.9 (7.5) 7.74 (0.25) IOLmaster v4 

 FITSA  116 0 67.9 (3.1) 7.55 (0.22) IOLmaster 
 GHS1  2867 51.1 55.80 (10.90) 7.76 (0.26) Lenstar LS 900 
 GHS2  1013 49.4 55.10 (10.90) 7.76 (0.25) Lenstar LS 900 
 Generati

on R 
 2073 50 6.09 ( 0.40) 7.82 (0.26) IOLmaster 

 OGP-
Talana 

      

  10 ≤  
age < 25 

83 43.4 16.6 (3.9 ) 7.75 (0.26) IOLmaster 

  age ≥ 25 428 36.4 51.6 (15.3 ) 7.64 (0.26) IOLmaster 
 RAINE  935 49.9 20.0 (0.4) 7.73 (0.25) IOLmaster 
 RS1  5744 41 68.8 (8.8) 7.67 (0.25) Topcon RM-A2000 autorefractor 
 RS2  2547 46 64.2 (7.5) 7.70 (0.25) Topcon RM-A2000 autorefractor 
 RS3  2960 44 56.9 (6.5) 7.75 (0.26)  Topcon RM-A2000 autorefractor 
 TEST       
  age < 10 176 47.7 7.49 (1.22) 7.77 (0.27) IOLmaster 
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  10 ≤  
age < 25 

208 36.1 15.6 (4.2) 7.71 (0.27) IOLmaster 

  age ≥ 25 263 34.2 46.7 (13.2) 7.66 (0.25) IOLmaster 
Asian 
ancestry 

 14462     

 BES  576 34.1 62.2 (8.6) 7.59 (0.26) Lenstar LS 900 
 GTES  1052 48.5 15.5(2.8) 7.75(0.26) Topcon KR8800 autorefraction 
 Hong Kong Study      
  10 ≤  

age < 25 
76 40.8 21.8(2.1) 7.81 (0.22) Canon RK-5 Auto Ref-keratometer 

  age ≥ 25 110 37.3 34.7 (6.5) 7.74 (0.22) Canon RK-5 Auto Ref-keratometer 
 Nagahama Study  2747 34.1 52.1 (13.8) 7.68 (0.26) ARK-530A (Nidek) 
 SCES  1731 51.6 57.6 (9.0) 7.66 (0.25) IOLmaster 
 SCORM  912 51.9 10.8 (0.8) 7.76 (0.24) Auto Ref-Keratometer 
 SiMES  2138 49.3 57.6 (10.7) 7.66 (0.25) IOLMaster 
 SINDI  2124 51.4 55.9 (8.8) 7.62 (0.27) IOLMaster 
 SP2-550  324 24.1 49.7 (12.7) 7.79 (0.25) Auto Ref-Keratometer 
 SP2-1M  846 63.8 46.8 (10.1) 7.75 (0.28) Auto Ref-Keratometer 
 SP2-610  1086 22.9 48.6 (11.3) 7.70 (0.28) Auto Ref-Keratometer 
 STARS  740 51.1 38.9 (5.2) 7.68 (0.28) IOLMaster 

ALPACS, Avon Longitudinal Study of Parents and Children; BATS, Brisbane Adolescent Twins Study; BMES, Blue Mountains Eye Study; 
ERF4, Erasmus Rucphen Family Study 4; EPIC, European Prospective Investigation of Cancer; FITSA, Finnish Twin Study on Ageing; GHS, 
Gutenberg Health Study; OGP, Ogliastra Genetic Park; RAINE, RAINE eye health study; RS, Rotterdam Study; TEST, Twins Eye Study in 
Tasmania; BES, Beijing Eye Study; GTES, Guangzhou Twins Eye Study; SCES, Singapore Chinese Eye Study; SCORM, Singapore Cohort Study 
of the Risk Factors for Myopia; SiMES, Singapore Malay Eye Study; SINDI, Singapore Indian Eye Study; SP2, Singapore Prospective Study; 
STARS, Strabismus, Amblyopia, & Refractive Error Study of Preschool Children.
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Supplementary Table 2. Genotyping and imputation information for the included cohorts   
Study Genotyping method/platform Imputation 

software 
Reference population No of 

SNPs 
Lambdagc 

EUROPEANS      
 ALSPAC Children Illumina Infinium II 

HumanHap550 
MACH v.1.0.16 1000 Genome Reference panels 8219160 0.977 

 BATS (10 < age ≤ 25) Illumina 660 Quad  MACH v2 1000 Genome Reference panels 7708087 0.994 

 BATS (25 < age) Illumina 660 Quad  MACH v2 1000 Genome Reference panels 7708087 0.988 

 BMES Illumina Human 670-Quad v1 MACH v1.1.16 1000 Genome Reference panels 4008218 0.872 

 Croatia-Korcula Illumina 370CNV-Quad v1 MACH v1.0.15 1000 Genome Reference panels 8027707 0.992 

 Croatia-Split Illumina 370CNV-Quad v3 MACH v1.0.15 1000 Genome Reference panels 4503699 1.02 

 Croatia-Vis HumanHap 300v1  MACH v1.0.15 1000 Genome Reference panels 7849213 1.006 
 ERF4 Illumina 6k, Illumina 318K, 

Illumina 370K, and Affymetrix 
250K 

MACH v1.0.15 1000 Genome Reference panels 6318051 1.085 

 EPIC-Norfolk Affymetrix GeneChip Human 
Mapping 500K 

IMPUTE2 1000 Genome Reference panels 8697280 1.001 

 FITSA Illumina HumanCoreExome IMPUTE2 1000 Genome Reference panels 8936601 1.013 
 GHS1 Affymetrix Human SNP 6.0  Impute (v2.1.0)  1000 Genome Reference panels 7344430 1.024 
 GHS2 Affymetrix Human SNP 6.0  Impute (v2.1.0)  1000 Genome Reference panels 7350794 1.027 
 Generation R Illumina 610/660 Quad  MACH v2 1000 Genome Reference panels 8179580 1.039 
 OGP-Talana (10 < age 

≤ 25) 
500K Affymetrix GeneChip MACH v1.0.16  1000 Genome Reference panels 7191761 1.031 

 OGP-Talana (25 < age) 500K Affymetrix GeneChip MACH v1.0.16  1000 Genome Reference panels 7859715 1.002 
 RAINE Illumina 610/660 Quad  MACH v2 1000 Genome Reference panels 6250269 1.005 
 RS1 Illumina HumanHap550  MACH v1.0.15 1000 Genome Reference panels 8304111 0.977 
 RS2 Illumina HumanHap550 Duo, 

Human610-Quad  
MACH v1.0.16 1000 Genome Reference panels 8278354 1.019 

 RS3 Human 610 Quad Arrays  Illumina MACH v1.0.17 1000 Genome Reference panels 8339676 1.054 
 TEST (age ≤ 10) Illumina 660 Quad  MACH v2 1000 Genome Reference panels 7708087 1.004 
 TEST(10 < age ≤ 25) Illumina 660 Quad  MACH v2 1000 Genome Reference panels 7708087 1.026 
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 TEST (25 < age) Illumina 660 Quad  MACH v2 1000 Genome Reference panels 7708087 1.073 
ASIANS   1000 Genome Reference panels   

 BES Illumin 610 IMPUTE v0.5.0 1000 Genome Reference panels 7084108 1.021 
 GTES Affymetrix Titan platform with 

Asian Axiom chip 
Impute2 1000 Genome Reference panels 6500104 1.012 

 Hong Kong Study (10 
< age ≤ 25) 

Illumina HumanCNV370-Quadv3 IMPUTE v2.3.0 1000 Genome Reference panels 7419383 0.996 

 Hong Kong Study (25 
< age) 

Illumina HumanCNV370-Quadv3 IMPUTE v2.3.0 1000 Genome Reference panels 7462396 1.011 

 Nagahama Study  HumanHap610KQuad, 
HumanOmni2.5M, HumanExome 

Minimac 1000 Genome Reference panels 5911014 1.016 

 SCES Illumin610 Quad Minimac 1000 Genome Reference panels 7030375 1.013 
 SCORM HumanHap 550, 550Duo Minimac 1000 Genome Reference panels 6983145 1.009 
 SiMES Illumin610 Quad Minimac 1000 Genome Reference panels 7246124 1.012 
 SINDI Illumin610 Quad Minimac 1000 Genome Reference panels 7861976 0.988 
 SP2-550 Illumin550 Minimac 1000 Genome Reference panels 6960896 0.977 
 SP2-1M Illumin 1 million Minimac 1000 Genome Reference panels 7313116 1.002 
 SP2-610 Illumin610 Quad Minimac 1000 Genome Reference panels 7067357 1.013 
 STARS Illumin610 Quad Minimac 1000 Genome Reference panels 7044441 1.000 

ALPACS, Avon Longitudinal Study of Parents and Children; BATS, Brisbane Adolescent Twins Study; BMES, Blue Mountains Eye Study; ERF4, Erasmus 
Rucphen Family Study 4; EPIC, European Prospective Investigation of Cancer; FITSA, Finnish Twin Study on Ageing; GHS, Gutenberg Health Study; OGP, 
Ogliastra Genetic Park; RAINE, RAINE eye health study; RS, Rotterdam Study; TEST, Twins Eye Study in Tasmania; BES, Beijing Eye Study; GTES, 
Guangzhou Twins Eye Study; SCES, Singapore Chinese Eye Study; SCORM, Singapore Cohort Study of the Risk Factors for Myopia; SiMES, Singapore 
Malay Eye Study; SINDI, Singapore Indian Eye Study; SP2, Singapore Prospective Study; STARS, Strabismus, Amblyopia, & Refractive Error Study of 
Preschool Children. 

 

 

 

 

 

 



17 
 

 

Supplementary Table 3. Association for corneal curvature at proxy SNPs for those monomorphic SNPs in Table1  
 

              European   Asian       All     

A) Lead SNPs are monomorphic in Asians and corresponding proxy SNPs nearby        
Lead SNP CHR POS GENE A1/A2 EAF β s.e P EAF β s.e P β s.e P Het_P 

rs2630445 3 13554886 HDAC11/FBLN2 T/G 0.10 0.030 0.004 1.17E-15 0.00       0.030 0.004 1.17E-15 0.58 

rs7708378 5 129088784 ADAMTS19/CHSY3 T/G 0.07 0.028 0.004 2.49E-09 0.00       0.028 0.004 2.49E-09 0.41 

rs9506725 13 22314146 FGF9 T/C 0.64 0.019 0.002 3.07E-14 1.00       0.019 0.002 3.07E-14 0.37 

                       

Proxy SNP CHR POS GENE A1/A2 EAF β s.e P EAF B s.e P B s.e P Het_P 

rs2655225 3 13551420 HDAC11/FBLN2 A/ G 0.86 
-

0.026 0.003 5.69E-13 0.48 
-

0.010 0.003 3.34E-03 
-

0.018 0.002 1.29E-12 0.021 

rs11746536 5 129095006 ADAMTS19 C/ G 0.64 
-

0.012 0.002 4.07E-06 0.53 
-

0.011 0.003 2.67E-04 
-

0.012 0.002 6.90E-09 0.316 

rs507446 13 22318497 FGF9 T/ C 0.62 0.016 0.002 1.99E-10 0.80 0.002 0.004 7.22E-01 0.012 0.002 1.11E-08 0.148 

rs2655225,  rs2630445 r2=0.6207                   
rs7708378, rs11746536  r2=0.1079                   

                     
B) Lead SNPs are monomorphic in Europeans and corresponding proxy SNPs nearby                 

Lead SNP CHR POS GENE A1/A2 EAF β s.e P EAF B s.e P B s.e P Het_P 

rs60078183 1 47857307 CMPK1 A/G 0.00       0.21 
-

0.037 0.005 1.37E-15 
-

0.037 0.005 9.74E-16 0.69 

  10 48388228 RBP3 T/C 0.00       0.04 0.071 0.010 9.83E-13 0.071 0.010 9.83E-13 0.66 

Proxy SNP                     

rs11211514  1 47787954 CMPK1 T/G 0.02 0.010 0.011 0.4109 0.16 
-

0.030 0.004 3.83E-14 
-

0.026 0.004 5.91E-11 0.34 

rs34654656 10 48400296 RBP3 T/ C 0.98 0.010 0.017 5.80E-01 0.95 
-

0.062 0.009 2.56E-12 
-

0.047 0.008 1.29E-08 0.053 
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Supplementary Table 4. Additional significant hits when Europeans and Asians analysed separately 
 

A.  Additional genome-wide significant hits ( P < 5 x 10-8) when Europeans and Asians analysed separately      
        CREAM-Europeans  CREAM-Asians   CREAM-ALL  

SNP chr pos Gene A1 A2 Freq β s.e P Het-P Freq β s.e P Het-P β s.e P Het-P 

Asains                           

rs2240776 10 119307524 EMX2/EMX2OS a t 0.627 0.004 0.002 0.120 0.690 0.533 0.017 0.003 2.45E-08 0.524 0.009 0.002 6.09E-06 0.207 

rs7672919 4 17797455 NCAPG t g 0.139 
-

0.006 0.003 0.072 0.241 0.328 -0.018 0.003 3.90E-08 0.863 -0.012 0.002 6.23E-07 0.257 

 Europeans                     
None                                       

                    
B. Additional top hits when Europeans and Asians analysed separately ( P < 1 x 10-7)          

        
CREAM-

Europeans    
CREAM-
Asians     

CREAM-
ALL   

SNP chr pos Gene A1 A2 Freq beta se P Het-P Freq beta se P Het-P beta se P Het-P 

Asians                        

rs12593707 15 67088350 SMAD6 t c 0.015 0.003 0.013 0.816 0.627 0.209 0.023 0.004 8.46E-08 0.473 0.021 0.004 6.67E-07 0.554 

Europeans                                       

rs2101976 18 11256751 PIEZO2 t c 0.757 0.015 0.0026 7.32E-08 0.4 0.956 0.0013 0.012 9.12E-01 0.350 0.014 0.003 1.18E-07 0.36 
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Supplementary Table 5. CREAM cohorts to test association between identified variants and axial length 

 Study N 
Asian Cohorts SCES 1697 
 SIMES 2139 
 SINDI 2080 
 GTES 1055 

 Total 6971 
European 
Cohorts 

ALSPAC 2254 

 Raine 1026 
 OGP 86 
 RS1 1170 
 RS2 1299 
 RS3 2612 
 ERF 2404 
 Total 10851 
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Supplementary Table 6. Pleiotropic effect ratio estimation for CC-variants  

 βAL to βCC I2 (%) P 
Group A 2.92 (2.37, 3,48) 0 <0.0001 
Group B 1.66 (1.16, 2.16) 40.7 <0.0001 
Group C 1.19 (0.78, 1.62) 0 <0.0001 

Group A vs Group B     7.56 x 10-4 
Group A vs Group C     1.68 X 10-6 
Group B vs Group C     0.407 
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Supplementary Table 7. Significant Loci for corneal curvature identified through the gene-based tests 

     Europeans  Asians  All 
Chr Gene Start 

position 
Stop 
position 

Best SNP Best 
SNP P 

Gene-
base P 

Best SNP Best SNP 
P 

Gene-
base P 

Gene-
based P 

1 ANKRD65 1303799 1406824 rs2649590 1.15E-06 3.00E-06 rs9661288 1.26E-03 1.69E-02 9.00E-07 
1 PEAR1 156813522 156936226 rs703156 1.60E-05 1.00E-05 rs41273221 1.17E-03 9.13E-03 1.57E-06 
2 ASB1 239285625 239410891 rs61332075 1.17E-07 1.00E-06 rs111233411 1.22E-03 1.33E-02 2.54E-07 
6 GMDS 1574034 2295868 rs6912735 5.50E-06 1.00E-06 rs9503059 3.33E-05 1.15E-03 2.48E-08 
10 EMX2/EM

X2OS* 
119193803 119354579 rs1981661 1.13E-03 2.32E-03 rs2240776 1.45E-08 1.00E-06 4.84E-08 

20 HM13-AS1 30105509 30211066 rs6088749 8.82E-03 1.13E-02 rs6059952 4.50E-02 1.00E-06 2.18E-07 

* EMX2/EMX2OS was identified as Asian-speciifc locus from SNP-based analyses; see Supplementary Table 6. 
Gene with smallest gene-based p-value ta each locus is listed in the table    
Gene-based analysis was performed for each gene +/-50kb flanking, using the VEGAS, with p-value at 2.09E-06 for  
gene-set significance.  
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Study Description 
EUROPEAN ETHNICITY STUDIES 
Avon Longitudinal Study of Parents and Children (ALSPAC)  
Details of ALSPAC cohorts have been published previously1; 2. 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 the Local Research Ethics Committees. Pregnant women resident in Avon, UK with expected 
dates of delivery 1st April 1991 to 31st December 1992 were invited to take part in the study. The initial number 
of pregnancies enrolled was 14,541 (for these at least one questionnaire has been returned or a “Children in 
Focus” clinic had been attended by 19/07/99). Of these initial pregnancies, there was a total of 14,676 foetuses, 
resulting in 14,062 live births and 13,988 children who were alive at 1 year of age. 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. Please note that the study website contains details of 
all the data that is available through a fully searchable data dictionary and variable search tool" and reference the 
following webpage: http://www.bristol.ac.uk/alspac/researchers/our-data/. 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 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 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. Genotypes were available for 8340 mothers and 8365 children. Imputation was carried out separately 
for Mothers and Children. For mothers, individual chromosomes were pre-phased with ShapeIt v2 using the b37 
genetic map, and imputation was performed with minimac-omp using the GIANT phase1 release v3 (2010-11-23) 
1000 Genomes reference panel. For children, phasing was carried out using MACH and imputation with minimac, 
against the same reference panel.  
 
 
BATS  
The Brisbane Adolescent Twins Study (BATS) is a part of the Australian Twin Eye Study, which was described 
elsewhere 3. 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 spherical equivalence trait analysed here. Education data in BATS were collected as part of the 
19UP study, through either telephone interviews or online questionnaires.  
 
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. 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. Imputation was performed against version 3 of the November 23, 
2010 version of the publicly released 1000 Genomes Project genotyping, using MACH 

http://www.bristol.ac.uk/alspac/researchers/our-data/
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(http://www.sph.umich.edu/csg/abecasis/MACH/) for phasing and minimac for imputation 
(http://genome.sph.umich.edu/wiki/Minimac). 
 
Blue Mountains Eye Study (BMES)  
The Blue Mountains Eye Study (BMES) is a population‐based cohort of a predominantly white population in west 
of Sydney, Australia. At baseline (1992‐94), 3,654 permanent residents aged 49 years or older participated 
(participation rate of 82.4%9. 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)4. From the BMES cross section II who had blood samples collected, DNA was extracted 
for 3,189 (90.1 %) participants. Over 98% of BMES participants were European ancestry. All BMES 
examinations were approved by the Human Ethics Committees of the Western Sydney Area Health Service and 
University of Sydney. Signed informed consent was obtained from participants at each examination. Participants 
of the BMES cross section II who had DNA available in early 2009 (n=2983) were genotyped using the Illumina 
Human 670‐Quadv1 custom genotyping array at the Wellcome Trust Sanger Institute, Cambridge as part of 
WTCCC2, and 2,761 had genotyping data available. Following exclusion through GWAS and DNA quality 
control and phenotype exclusion criteria resulted in genotyping data being available for 1,896 individuals. 
Imputation was performed to HapMap (NCBI Build 36.1) using MACH (V 1.0.16; autosomes only). Imputed 
SNPs were excluded from the analysis when failing one or more of the following QC filters: 1) prop info ≥ 0.5 (a 
software‐specific statistic from IMPUTE); 2) Hardy‐Weinberg P‐value < 1×10‐6.  
 
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 5. 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-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 arrays, Illumina CNV370v1 and CNV370-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. After 
exclusion of SNP with MAF < 0.01, call rate < 98% and HWE deviation p < 10-6 , samples were pre-phased using 
shapeit v26. Imputation was carried out using impute v27 and the 1,000 genomes All ancestries phase1 integrated 
v3 reference panel. The impute2mach GENABEL function was used to convert the impute2 outputs to the MACH 
format that is used in the ABEL suite (http://www.genabel.org/packages) and the regression analyses adjusted for 
age and sex on SNP allele dose using the MixABEL package. The variance covariance matrix used in MixABEL 
to account for relatedness between individuals was generated using the polygenic functions of the GenABEL 
package.  
 
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.  
Individuals were genotyped with either the 370CNV-Quadv3 (n=500) or the Illumina OmniExpress Exome-
8v1_A beadchips (n=500). Alleles were called in BeadStudio/GenomeStudio using Illumina cluster files. Subjects 
were excluded if they fulfilled any of the following criteria: genotypic call rate <97%, mismatch between reported 

http://www.sph.umich.edu/csg/abecasis/MACH/
http://genome.sph.umich.edu/wiki/Minimac
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and genotypic sex, unexpectedly low genomic sharing with first degree relatives, excess autosomal 
heterozygosity, or outliers identified by IBS clustering analysis. We excluded SNPs on the basis of minor allele 
frequency (<0.01/monomorphism), HWE (P<10^-6), call rate (<97%). The samples genotyped with the denser 
array (Illumina OmniExpress Exome) were first prephased and imputed as described for the CROATIA-Korcula 
study and the output of this imputation used as a secondary panel to complement the 1,000 genomes All ancestries 
phase1 integrated v3 reference panel for the imputation of the samples genotyped on the less dense array. 
Imputations for the two halves of the study were then combined to form a combined panel of ~37.5m SNPs. 
Genome-wide scan for association was performed as described 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 5. 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 to the 1,000 genomes all ancestries phase1 integrated v3 
reference panel and genome-wide scan for association were performed as described in the CROATIA-Korcula 
Study. 
 
 
EPIC-Norfolk Eye Study (EPIC) 
The European Prospective Investigation into Cancer (EPIC) study is a pan-European prospective cohort study 
designed to investigate the aetiology of major chronic diseases8.  EPIC-Norfolk , one of the UK arms of EPIC, 
recruited and examined 25,639 participants aged 40-79 years between 1993 and 1997 for the baseline examination9.  
Recruitment was via general practices in the city of Norwich and the surrounding small towns and rural areas, and 
methods have been described in detail previously 10.  Since virtually all residents in the UK are registered with a 
general practitioner through the National Health Service, general practice lists serve as population registers.  
Ophthalmic assessment formed part of the third health examination and this has been termed the EPIC-Norfolk Eye 
Study11.  In total, 8,623 participants were seen for the ophthalmic examination, between 2004 and 2011.  Refractive 
error was measured using a Humphrey Auto-Refractor 500 (Humphrey Instruments, San Leandro, California, USA).  
Educational level was recorded and classified into four groups according to the highest qualification achieved (Less 
than O level / O Level / A level / Degree).  For the purposes of the current study, educational attainment was 
dichotomised into lower (Less than O level / O Level) or higher (A level / Degree).  Genotyping was undertaken 
using the Affymetrix GeneChip Human Mapping 500K Array Set.  Data were pre-phased with SHAPEIT version 
2 and imputed to the March 2012 build of the 1000 Genomes project using IMPUTE version 2.2.2.  The EPIC-
Norfolk Eye Study was carried out following the principles of the Declaration of Helsinki and the Research 
Governance Framework for Health and Social Care.  The study was approved by the Norfolk Local Research Ethics 
Committee (05/Q0101/191) and East Norfolk & Waveney NHS Research Governance Committee (2005EC07L).  
All participants gave written, informed consent. 
   
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 12; 13. 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 
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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 Minimac to impute to 1000G (phase 1, March 2012). 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 MixABEL package and adjusted 
for family structure in the first step of two-staged modelling.   
 
Finnish Twin Study on Aging (FITSA) 
Finnish Twin Study on Aging (FITSA) 14 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. The genotyping 
was carried out with Illumina HumanCoreExome chip.  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. 
The imputation was performed with SHAPEIT2 and IMPUTE2 with 1000 Genomes haplotypes reference panel 
(Phase I integrated variant set release in NCBI build 37 (hg19) coordinates).  
 
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 15,010 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. The interdisciplinary study design comprises 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. 
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Within GHS, DNA was extracted from buffy-coats from EDTA blood samples as described in Zeller et al.15. 
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 low genotyping call rate, a too high level of heterozygosity (hetFDR>0.01)), with sex-mismatches, and with 
Non-European ancestry were excluded. After applying standard quality criteria (minor allele frequency >1%, 
genotype call rate >98% and P-value of deviation from Hardy-Weinberg equilibrium of >0.0001), 689,634 SNPs 
in 2996 individuals from GHS1 and 701,418 SNPs in 1,179 individuals from GHS2 remained for analysis (total 
4175). Imputation of missing genotypes was performed using the software MACH (v1.0.18.c) and minimac 
(release 2012-03-14) with the reference panel 1000G Phase I Integrated Release Version 2 Haplotypes (2010-11 
data freeze, 2012-02-14 haplotypes) for each cohort separately.  
 
Generation R 
Generation R Study, a population-based prospective cohort study of pregnant women and their children in 
Rotterdam, The Netherlands. A total of 9,778 pregnant women were included in the study. All children were born 
between April 2002 and January 2006 16; 17. The children were invited at age 5 years with their mothers for 
examination on the research center by trained nurses. Of the 9,778 included pregnant woman 6,690 participated 
with their children for physical examination in the research centre at 5 years of age. The study protocol was 
approved by the Medical Ethical Committee of the Erasmus Medical Centre, Rotterdam (MEC 217.595/2002/20). 
Written informed consent was obtained from all participants. Corneal curvature was obtained with a Zeiss IOL-
master 500. Data were collected from right and left eyes. Three measurement of K1 and K2 were taken of OD and 
OS, and were averaged.  
 
DNA from children (cord blood or during physical examination at 6 years of age) has been extracted, normalized 
and plated. Samples were genotyped using Illumina Infinium II HumanHap610 Quad Arrays following standard 
manufacturer's protocols. Intensity files were analyzed using the Beadstudio Genotyping Module software 
v.3.2.32, and genotype calling based on default cluster files. Any sample displaying call rates below 97.5%, 
excess of autosomal heterozygosity (F<mean-4SD) and mismatch between called and phenotypic gender (0.2%) 
were excluded. Genotypes were imputed for all polymorphic SNPs (single nucleotide polymorphisms) from 
phased haplotypes in autosomal chromosomes using the 1000 Genomes GIANTv3 panel.  
 
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 26. 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 < 95%, showing excess of heterozygosity, or being 
classified as outliers by allelic identity-by-state (IBS) clustering analysis, were excluded. After exclusion of SNPs 
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with minor allele frequency < 0.05, Hardy-Weinberg P value >10−4 and call rate < 95%, data were pre-phased 
with Shapeit and imputed with Impute2 Using the GIANT phase 1 release v3 1000 Genome reference panel.  
 
 
RAINE Eye Health Study (RAINE) 
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 18. 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. Raine Study was imputed against the 1000 Genomes Phase 1 
Europeans (November 23, 2010 release) using MACH v 2.3.0 software. A minimum passing threshold of 0.3 on 
the Rsq metric and a MAF>0.01 were applied to ~30 million imputed SNP. 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, 348 Caucasian 
participants aged 20 years or older with high quality genotypes and known spherical equivalent refraction and 
educational level were included in the current analysis.  
 
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 19. In brief, the Rotterdam Study 
consists of 3 independent cohorts: RS1, RS2, and RS3. For the current analysis, 5,422 residents 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 Minimac to 
impute to 1000G (phase 1, March 2012). For each imputed SNP, a reliability of imputation was estimated as the 
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ratio of the empirically observed dosage variance to the expected binomial dosage variance (O/E ratio).  
 
UK biobank 
Ethical approval for the UK Biobank study was obtained from the National Health Service (NHS) National 
Research Ethics committee (Ref. 11/NW/0382) and all participants provided informed consent. During 2006-2010 
approximately 500,000 participants attended 1 of 22 assessment centres across the UK, where they completed 
interviews with a trained nurse and underwent a range of physical assessments. Approximately 25% of 
participants underwent an ophthalmic assessment, which included autorefraction and autokeratometry (Tomey 
RC5000; Tomey GmbH Europe, Erlangen-Tennenlohe, Germany). A logMAR visual acuity (VA) test was carried 
out at a test distance of 4 metres, with habitual spectacles if worn. A cohort profile describing the details of the 
UK Biobank eye measurements is available20 
 
Participants who had undergone cataract surgery, retinal detachment surgery, or corneal surgery, or who self-
reported a history of laser refractive surgery, cataract surgery, corneal graft surgery, any other eye surgery in the 
last 4 weeks, any eye trauma resulting in sight loss, serious eye problems, or self-report of having cataracts or 
retinal detachment were excluded. Exclusions were also made for: withdrawal of consent; genotype data not being 
released by UK Biobank 21; non-European genetic ancestry; a mismatch between self-reported and genetically-
inferred sex; genetic heterozygosity beyond 4 standard deviations of the mean level for Europeans in UK 
Biobank; no information for the trait or traits of interest (CC, refractive error, and VA); a missing genotype rate of 
0.025 or more. 
 
 
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 22. 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. Linear regression analyses for SE were performed at each SNP using 585 individuals 
with age, sex, and the first two principal components (to adjust for population stratification) included in the 
model. 
 
Guangzhou Twin Eye Study (GTES) 
The Guangzhou Twin Eye Study was launched in 2006, twins aged 7to 15 years at baseline were recruited and 
examined annually and it has completed 12 consecutive annual follow-up examinations, with more than 1300 
twin pairs participating. Only the first-born twins were included in the current study. Those with manifest 
strabismus, amblyopia, nystagmus, post-refractive surgery, or any ocular disease causing best-corrected visual 
acuity less than 20/25 were excluded. The study was conducted in accordance with the tenets of the World 
Medical Association’s Declaration of Helsinki and was approved by the Ethics Review Board of the Zhongshan 
Ophthalmic Center of Sun Yat-Sen University. Written informed consent was obtained from the parents or legal 
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guardians of the participants. Cycloplegia was induced with 2 drops of 1% cyclopentolate, administered 5 minutes 
apart, with a third drop administered after 20 minutes. Cycloplegia and pupil dilation were evaluated after an 
additional 15 minutes. Cycloplegia was considered complete if the pupil dilated to 6 mm or greater and a light 
reflex was absent. If not, another 20 minutes observation was taken, and refractive measurement was taken 
regardless of the presence or absence of light reflex. Corneal curvature was determined by an auto-refractor 
(Topcon KR-8800, Tokyo, Japan) after cycloplegia. The corneal curvature was recorded in diopter. 

DNA was genotyped on the Affymetrix Genome-Wide ASI Axiom 1.0. Sample with high missing rate (>5%) were 
excluded. SNPs with calling rate > 95%, with minor allele frequency > 0.01 and with Hardy-Weinberg P-value > 
0.0001 was used for imputation. We used Impute2 to impute to 1000G (phase 1, March 2012). The same QC 
methods used for the genotyped SNPs were applied to the GTES imputed SNPs. In addition, imputed SNPs with 
low imputation quality (Score<0.5) were excluded.  Linear regression analyses of CC were performed using 1055 
individuals with age, sex and the first two principal components (to adjust for population stratification) included in 
the model as covariates.  

Hong Kong Study (Myopia Genomics Study of Hong Kong) 
For the Myopia Genomics Study of Hong Kong, unrelated individuals of Chinese descent aged between 18 and 45 
years were recruited via the Optometry Clinic at the Hong Kong Polytechnic University with details as described 
previously23-25. Ophthalmic examination was performed with refraction measured by cycloplegic autorefraction 
together with the measurement of other ocular components including corneal curvature, lens thickness and axial 
length. In particular, central corneal curvature was measured using autokeratometry (Canon RK-5 Auto Ref-
keratometer; Canon, Inc, Tokyo). Subjects with signs of ocular disorders or other inherited disorders associated 
with myopia were excluded from the study. Whole-genome genotyping was performed using Illumina Human610 
Quad BeadChips by deCODE Genetics (Iceland). The Human610 BeadChip assays ~621,000 SNPs and markers 
per sample. 
 
Nagahama Prospective Genome Cohort for the Comprehensive Human Bioscience (Nagahama) 
The Nagahama Prospective Genome Cohort for the Comprehensive Human Bioscience (the Nagahama Study) is a 
community-based prospective cohort study that aims to determine the prevalence and risk factors of various 
diseases in a community. The details of study design and methodology have been described elsewhere26. In brief, 
residents of Nagahama City who satisfied the following criteria were recruited as participants and were examined 
between November 2008 and November 2010: 1) age 30 and 74 years; 2) ability to participate on one's own; 3) no 
significant problems communicating in Japanese; 4) no current serious diseases/symptoms or health issues; and 5) 
voluntarily decided to participate in this study. A total of 9,804 Japanese individuals participated in the Nagahama 
Study. All the participants in the Nagahama Study had their axial length (millimeter [mm]; IOL Master, Carl 
Zeiss Meditec, Dublin, CA, USA), spherical equivalent (diopter [D]; ARK-530A, Nidek, Aichi, Japan), and 
corneal curvature (mm; ARK-530A, Nidek) measured for both eyes. Color fundus photographs were also 
obtained from all participants (CR-DG10, Canon, Tokyo, Japan). Of the participants, 3,712 individuals were 
genome-scanned using HumanHap610K Quad Arrays, HumanOmni2.5M Arrays, and/or HumanExome Arrays 
(Illumina Inc., San Diego, California, USA). After our standard quality control, genomic imputation was 
performed on 192 participants’ data that had been genotyped by every platform. Finally, the data that consists of 
1,756,611 SNPs of 3,248 individuals were fixed. All study procedures were approved by the ethics committee of 
Kyoto University Graduate School of Medicine. 
 
Singapore Chinese Eye Study (SCES) I/II  
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 27. Genome-wide genotyping using was done in a subset  of SCES participants using Illumina Human610-
Quad BeadChip 22 (SCES I, n=1,952) and Illumina OmniExpress  (SCES II, n = 615). Samples were excluded if 
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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 1000 genomes phase 1 cosmopolitan 
panel haplotypes (March 2012 release) 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. 22; 28.29 
 
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 200627.  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 22; 28. 
 
Total of 3,072 DNA samples were genotyped using the Illumina Human 610 Quad Beadchips 28; 30. 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. The same QC methods used for SCES were applied to the SiMES 
genotyping samples. Linear regression analyses of CC were performed using 2,256 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 31 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 30. 
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 
2,088 of these individuals were also over age 20 and had 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). Linear regression analyses of CC were performed using 2,088 
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 (SP2-1M; SP2-610)  
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 
199832. 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 
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health examination and donated blood specimens. The present GWA genotyping for SP2 involved individuals of 
Chinese descent only (n=2,867)33. 
 
Of the 2,867 blood-derived DNA samples, 1,459 samples were genotyped on the 610-Quad (SP2-610) and 1,016 
samples on the 1M-Duov3 (SP2-1M). 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. 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. 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 811 individuals in SP2-1M and 854 individuals 
in SP2-610 had both high quality genotype data and CC data and were used in the linear regression analyses 
adjusting for age and sex. 
 
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 201034. The biological parents of STARS probands 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 741 parents who had phenotype data and who also had available, high quality 
GWAS genotypes were used in the current study.  
 
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.  
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