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We report a genome-wide association study (GWAS) and admixture analysis of glaucoma in 12 008 African-
American and Hispanic women (age 50–79 years) from the Women’s Health Initiative (WHI). Although GWAS
of glaucoma have been conducted on several populations, this is the first to look at glaucoma in individuals
of African-American and Hispanic race/ethnicity. Prevalent and incident glaucoma was determined by self-
report from study questionnaires administered at baseline (1993–1998) and annually through 2005. For
African Americans, there was a total of 658 prevalent cases, 1062 incident cases and 6067 individuals who
never progressed to glaucoma. For our replication cohort, we used the WHI Hispanics, including 153 prevalent
cases, 336 incident cases and 2685 non-cases. We found an association of African ancestry with glaucoma
incidence in African Americans (hazards ratio 1.62, 95% CI 1.023–2.56, P 5 0.038) and in Hispanics (hazards
ratio 3.21, 95% CI 1.32–7.80, P 5 0.011). Although we found that no previously identified glaucoma SNPs repli-
cated in either the WHI African Americans or Hispanics, a risk score combining all previously reported hits was
significant in African-American prevalent cases (P 5 0.0046), and was in the expected direction in the incident
cases, as well as in the Hispanic incident cases. Additionally, after imputing to 1000 Genomes, two less
common independent SNPs were suggestive in African Americans, but had too low of an allele frequency in
Hispanics to test for replication. These results suggest the possibility of a distinct genetic architecture under-
lying glaucoma in individuals of African ancestry.

INTRODUCTION

Glaucoma is a heritable and irreversible degenerative optic neur-
opathy that is the second-leading cause of blindness worldwide
(1). The majority of glaucoma cases are caused by open angle
glaucoma (OAG), although angle closure glaucoma (ACG) is
also common in some racial/ethnic groups. The primary risk
factor for open angle glaucoma is intraocular pressure. Heritability
estimates for the intraocular pressure endophenotype range from
0.29 to 0.36 (2–4).

The prevalence of glaucoma (OAG and ACG combined)
varies by race/ethnicity/ancestry with, for example, individuals

from Europe having an estimated prevalence of 2.2%, China
2.7%, Japan 3.7%, Latin America 3.4% and Africa 4.3% (1).
Of these, the proportion of individuals due to OAG in Europe
is 88.6%, China 52.6%, Japan 89%, Latin America 94.3% and
Africa 96.2%, with the remainder due to ACG. Individuals of
African ancestry have the highest prevalence of glaucoma,
although individuals of white race/ethnicity have a steeper
incline in recent years (5). This racial disparity in terms of glau-
coma cases suggests that further study of African Americans
may provide valuable insights into this disease. In addition,
there is a sex disparity in prevalence, as women comprise 59%
of all glaucoma cases (1).
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Genome-wide association studies (GWAS) of glaucoma have
been conducted on individuals of white race/ethnicity (6–10),
individuals of Chinese race/ethnicity (11) and individuals of
Japanese race/ethnicity (12–16), but none to our knowledge
on African Americans or Hispanics. Here, we present a GWAS
of self-reported glaucoma prevalence and incidence in the
Women’s Health Initiative (WHI) SNP Health Association
Resource (WHISHARe),which includes7787African-American
and 3174 Hispanic women.

RESULTS

Demographic characteristics of the cohort are given in Table 1.
The baseline prevalence of glaucoma in African Americans was
8.4% (95% CI 7.8–9.1%) for women of an average baseline age
of 61.6 (SD 7.04), and in Hispanics was 4.8% (95% CI 4.1 to
5.6%) for women of an average baseline age of 60.2 (SD 6.68).
Results of multivariable regression analyses are provided in
Table 2. As expected, age significantly increases the risk for
glaucoma. Body mass index (BMI) is positively associated
with risk (except in prevalent African Americans), and is statis-
tically significant for African-American incident cases. As has
been reported previously (17,18), diabetes is also positively
associated with risk of glaucoma in both prevalent and incident
cases, and statistically significant for all but the Hispanic inci-
dent cases. Systolic blood pressure (SBP), diastolic blood pres-
sure (DBP) and hypertension were generally not associated
with glaucoma. Global (genome-wide) African ancestry was
associated with an increased hazard of developing glaucoma in
the African-American individuals, even though we were control-
ling for education and income (which showed no significant
association) along with the other covariates (hazards ratio
1.62, 95% CI 1.023–2.56, P ¼ 0.038). African ancestry is also
associated with an even greater increase in risk in the Hispanic
individuals, even though we adjusted for income, education,
nationality and the other covariates (hazards ratio 3.21, 95%
CI 1.32–7.80, P ¼ 0.011), although the confidence interval
overlaps with that of African Americans. Global African ances-
try was not formally significant in either the African-American

or Hispanic prevalent cases, though the direction was the same
as that of the incident cases. Among the Hispanics, Native
American ancestry was positively associated with glaucoma
risk in analysis of both prevalent and incident cases, but did
not reach statistical significance.

We first tested 18 SNPs that were previously shown to be asso-
ciated with glaucoma (6–16) obtained from the National Human
Genome Research Institute GWAS catalog (19). None of these
SNPs replicated in the WHI-SHARe cohorts, as shown in
Table 3, even though the majority of the SNPs imputed extremely
well (all but one have estimated r2 . 0.95). However, of the
10 SNPs in six chromosome locations that were previously
found to be associated with OAG, most showed association in
the same direction in both the analysis of prevalent and incident
cases (African-American incident 8/10; African-American
prevalent 9/10; Hispanic incident 7/10; Hispanic prevalent
8/10).

All ORs/RRs in Table 3 are smaller than the originally
reported value. This may be due to winner’s curse (inflation of
values in the original studies) (20), diminished effects in the
race/ethnicity groups in this study or attenuation due to impre-
cise diagnosis in the current study. To assess the impact of the
latter, for each of the 10 SNPs in Table 3 for OAG, we calculated
RR-1 (or OR-1) for the original study and then for each of our
four study groups (African-American and Hispanic incident
and prevalent), and then to the ratio of (RR-1) for each SNP in
each of our study groups to the original SNP (RR-1). The
mean (median) value of this ratio across 10 SNPs for each of
the four study groups is 0.054 (0.027) African-American inci-
dent, 0.377 (0.310) African-American prevalent, 0.175 (0.146)
African-American incident and prevalent combined, 0.048
(0.005) Hispanic incident, 0.110 (0.040) Hispanic prevalent
and 0.070 (0.014) Hispanic incident and prevalent combined.
These results suggest somewhat stronger replication evidence
in the prevalent cases (who are younger at diagnosis) and
African Americans. However, overall, the relative risks are sub-
stantially attenuated compared with the originally observed
values.

To evaluate the impact of imprecise diagnosis, we employed
Formula 2 from Materials and Methods. Formula 2 is more

Table 1. Demographic and clinical factors of women with and without glaucoma in the Women’s Health Initiative (WHI) SNP Health and Association Resource
(SHARe) cohort

African American Hispanic
Prevalent cases Incident cases Non-cases Prevalent cases Incident cases Non-cases

N 658 1062 6067 153 336 2685
BMI 30.77 (0.25) 31.49 (0.19) 31.23 (0.08) 29.58 (0.48) 29.19 (0.28) 29.07 (0.11)
SBP 132.85 (0.6) 131.71 (0.45) 130.79 (0.19) 128.86 (1.18) 126.99 (0.73) 124.75 (0.27)
DBP 75.55 (0.31) 76.16 (0.25) 76.77 (0.1) 74.18 (0.67) 73.98 (0.4) 73.75 (0.14)
Hypertension 398 [61.5%] 591 [56.6%] 3269 [54.6%] 64 [41.8%] 113 [33.7%] 754 [28.2%]
Diabetes 146 [22.2%] 187 [17.6%] 762 [12.6%] 28 [18.3%] 31 [9.2%] 203 [7.5%]
Income , $35,000 367 [59.4%] 577 [57.1%] 2832 [48.9%] 80 [60.6%] 185 [58.9%] 1359 [54.3%]
High School or less 180 [27.6%] 274 [26.2%] 1386 [23.1%] 64 [43.2%] 151 [45.5%] 983 [37.2%]
Age 65.06 (0.28) 62.15 (0.22) 61.07 (0.09) 63.74 (0.58) 61.21 (0.35) 59.89 (0.13)
Puerto Rican nationality – – – 16 [12.6%] 51 [16.5%] 273 [11.6%]
Mexican American nationality – – – 56 [44.1%] 144 [46.5%] 1146 [48.6%]
Cuban nationality – – – 8 [6.3%] 34 [11%] 184 [7.8%]
Other Spanish nationality – – – 38 [29.9%] 66 [21.3%] 639 [27.1%]

Counts [% of non-missing] are given for dichotomous variables, and mean (SE) for continuous variables.
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influenced by the specificity (b) of self-report than sensitivity (a).
Therefore, we consider the single value of a ¼ 0.9 and vary b
from 0.75 to 0.95 and consider two values for the prevalence
(u) in non-genotype carriers of 0.10 and 0.20. From Formula 2,
the ratio (RRo 2 1)/(RRt 2 1) ranges from 0.21 at b ¼ 0.75–
0.63 at b ¼ 0.95 when u ¼ 0.10 and from 0.34 at b ¼ 0.75–
0.77 at b ¼ 0.95 when u ¼ 0.20. These values are generally
higher, even at a moderate specificity of 0.75, than those above
based on the observed SNP association results, suggesting that
diagnostic imprecision may not be the only factor attenuating
the observed RRs.

We then formed an SNP risk score, weighting each variant by
the previously reported log odds ratio of the OAG-associated
SNPs (see Materials and Methods), the score was significant in
African-American prevalent cases (P ¼ 0.00086, Table 4), and
in the expected positive direction though not significant for
two of the three other groups. Of note, all of the SNPs previously
found to be associated with glaucoma were originally identified
in studies of white, Chinese and Japanese subjects, who have a
different LD structure than the African Americans and Hispanics
in the WHI. To assess if a different SNP that was highly corre-
lated with the original GWAS finding might actually be the
true causal locus, and the GWAS failed replication because of
different LD patterns in the current study, local association
plots using the LD pattern in the population in which the SNP
was originally discovered are shown in Supplementary Material,
Figure S2. There is a very mild suggestion of a few potential hits
that are in strong LD with the SNP in the discovery panel, but no
longer in African Americans or Hispanics (because of the differ-
ent LD structure in these races/ethnicities); none is particularly
notable nor would survive multiple comparison correction.

None of the directly genotyped SNPs in the combined inci-
dence and prevalence analysis in African Americans showed
genome-wide significant association (defined as the conven-
tional P , 5 × 1028) with glaucoma. We then examined SNPs
imputed from the 1000 Genomes dataset (http://1000genomes.
org), shown in a Manhattan plot in Figure 1 and Q–Q plot in Sup-
plementary Material, Figure S1a (individual incident and preva-
lent in Supplementary Material, Figure S1b and c, respectively).
The SNP rs542340 in the DNAJC24 gene on chromosome 11
was the most significant (P ¼ 8.0 × 1029), and is described in

Table 5, along with a local association plot in Figure 2. The fre-
quency of the SNP we observed in the WHI African-American
controls (0.018, Table 5) is consistent with those found in 1000
Genomes populations (10/246 YRI carriers, MAF 0.0203;
1/181 AMR, MAF 0.0028; 0/286 ASN; and 0/379 EUR). As
expected, this SNP is very rare in the WHI Hispanics and does
not have a sufficiently high allele frequency to test for replica-
tion. Two other neighboring imputed SNPs in the introns of
ELP4, rs555091 and rs506227, both nearly perfectly correlated
with rs542340, also showed genome-wide significance; neither
was significant after adjusting for rs542340. We examined the
recent ENCODE results (21) and queried RegulomeDB (22) to
evaluate the regulatory potential score of these SNPs. There
was no data found for rs542340, and only very minimal
support for the other highly correlated imputed SNPs around
it. We identified two additional SNPs, one on chromosome 14
and one on chromosome 16 that were genome-wide significant
(Table 5). The minor allele of intergenic SNP rs192917960, on
chromosome 16, was also too rare to test for replication in the
WHI Hispanics and has no encode data supporting it. The final
SNP that was genome-wide significant in African Americans,
with 1000 Genomes identifier chr14:51604618:I, failed to repli-
cate in the Hispanics, although the summary odds ratio and the
odds ratio for incident cases were in a consistent direction.

Though we were inadequately powered to draw firm con-
clusions, we further ran exploratory GWAS analysis on His-
panic incident and Hispanic prevalent cases (Supplementary
Material, Fig. S1d–f), but no SNPs were genome-wide sig-
nificant (Supplementary Material, Table S1).

In addition, we performed admixture mapping analysis in the
African-American subjects with results shown in Figure 3. We
did not find any genome-wide significant regions (threshold of
P , 7 × 1026) under this approach. Supplementary Material,
Figure S3 shows the separate incident and prevalent admixture
mapping analysis results.

DISCUSSION

Although it has been shown that African Americans have a
higher incidence of glaucoma (1,23), our study is the first to

Table 2. Multivariable regression on glaucoma prevalence/incidence

African American Hispanic
Prevalent Incident Prevalent Incident

BMI 0.9927 (0.978,1.0072) 1.013 (1.003,1.024) 1.013 (0.975,1.051) 1.0051 (0.982,1.029)
Age 1.071 (1.057,1.086) – 1.067 (1.033,1.10) –
SBP 0.99905 (0.9919,1.0062) 0.9926 (0.987, 0.998) 1.0059 (0.986,1.026) 0.997 (0.986,1.0083)
DBP 0.9952 (0.982,1.0081) 1.012 (1.0022,1.022) 1.0054 (0.971,1.041) 1.0087 (0.989,1.029)
Diabetes 1.62 (1.3,2.019) 1.42 (1.19,1.68) 2.22 (1.25,3.93) 1.0029 (0.63,1.59)
Hypertension 1.093 (0.906,1.32) 0.903 (0.79,1.035) 1.27 (0.80,2.0021) 0.984 (0.74,1.30)
Income , $35,000 1.12 (0.926,1.35) 1.066 (0.931,1.22) 0.962 (0.63,1.48) 0.93 (0.72,1.20)
High School or less 1.018 (0.83,1.25) 1.049 (0.901,1.22) 0.82 (0.52,1.29) 1.31 (1.011,1.69)
Puerto Rican – – 0.85 (0.43,1.68) 1.46 (0.9935,2.16)
Mexican American – – 0.70 (0.44,1.11) 1.18 (0.87,1.60)
Cuban – – 0.64 (0.26,1.62) 1.47 (0.925,2.33)
African ancestry 1.26 (0.68, 2.33) 1.62 (1.023,2.56) 1.89 (0.34,10.43) 3.21 (1.32,7.80)
Native American ancestry – – 1.97 (0.59,6.57) 1.18 (0.54,2.56)

Odds ratios and 95% CI are from logistic regression (prevalent cases) and hazard rates and 95% CI are from Cox proportional hazards regression (incident cases).
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Table 3. P-values at SNPs associated with Glaucoma in previous studies. Tests of individual SNPs

SNP Chr Pos Gene A1 A2 African-American incident African-American prevalent
r2 Case A1F Non-case A1F HR/OR (95% CI) P Case A1F Non-case A1F HR/OR (95% CI) P

rs4656461 OAG 1 165 687 205 TMCO1 G A 0.986 0.212 0.211 1.012 (0.91,1.12) 0.82 0.237 0.212 1.17 (1.021,1.34) 0.024
rs7588567 OAG 2 134 363 032 NCKAP5 C T 0.517 0.396 0.401 0.95 (0.84,1.073) 0.41 0.419 0.4 1.14 (0.97,1.34) 0.12
rs4236601 OAG 7 116 162 729 CAV2- CAV1 A G 0.988 0.353 0.362 0.97 (0.89,1.066) 0.57 0.376 0.361 1.081 (0.96,1.22) 0.2
rs284489 OAG,NR 8 105 958 020 LRP12- ZFPM2 A G 1 0.395 0.386 1.055 (0.97,1.15) 0.23 0.398 0.388 1.059 (0.94,1.19) 0.34
rs1063192 OAG 9 22 003 367 CDKN2B A G 0.975 0.907 0.905 1.0099 (0.87,1.18) 0.9 0.924 0.905 1.33 (1.06,1.66) 0.013
rs523096 OAG 9 22 019 129 CDKN2BAS A G 1 0.909 0.905 1.036 (0.89,1.21) 0.65 0.922 0.906 1.29 (1.036,1.61) 0.023
rs7865618 OAG 9 22 031 005 CDKN2BAS A G 1 0.91 0.907 1.018 (0.87,1.19) 0.82 0.926 0.908 1.33 (1.062,1.66) 0.013
rs2157719 OAG,NR 9 22 033 366 CDKN2BAS T C 0.999 0.91 0.907 1.017 (0.87,1.19) 0.83 0.926 0.908 1.33 (1.062,1.66) 0.013
rs4977756 OAG 9 22 068 652 CDKN2BAS A G 0.981 0.656 0.648 1.033 (0.94,1.13) 0.48 0.664 0.649 1.079 (0.95,1.22) 0.23
rs10483727 OAG 14 61 072 875 SIX1- SIX6 T C 1 0.88 0.858 1.18 (1.027,1.35) 0.019 0.859 0.861 0.98 (0.82,1.16) 0.81
rs3753841 ACG 1 103 379 918 COL11A1 G A 0.997 0.847 0.841 1.015 (0.9,1.15) 0.81 0.829 0.842 0.89 (0.76,1.049) 0.17
rs10881542 ACG 1 104 852 738 FTLP17- CDK4PS C T 0.95 0.6 0.586 1.056 (0.97,1.15) 0.23 0.564 0.588 0.9 (0.8,1.014) 0.083
rs1015213 ACG 8 52 887 541 PCMTD- ST18 T C 1 0.266 0.28 0.94 (0.85,1.03) 0.17 0.261 0.278 0.92 (0.8,1.043) 0.18
rs11024102 ACG 11 17 008 605 PLEKHA7 C T 0.99 0.07 0.07 1.051 (0.88,1.25) 0.57 0.069 0.07 0.98 (0.77,1.23) 0.84
rs3788317 ACG 22 19 889 825 TXNRD2 G T 0.876 0.515 0.529 0.95 (0.87,1.038) 0.25 0.545 0.527 1.1 (0.98,1.25) 0.12
rs3213787 NTG,NR 2 45646 824 SRBD1 A G 1 0.983 0.985 0.88 (0.64,1.22) 0.45 0.986 0.984 1.049 (0.65,1.7) 0.84
rs735860 NTG,NR 6 53 123 118 GCM12 ELOVL5 C T 1 0.893 0.899 0.93 (0.81,1.071) 0.31 0.909 0.898 1.14 (0.93,1.39) 0.22
rs3825942 EXF 15 74 219 582 LOXL1 G A 0.987 0.631 0.627 1.014 (0.93,1.11) 0.76 0.612 0.627 0.94 (0.83,1.058) 0.3

SNP Chr Pos Gene A1 A2 Hispanic incident Hispanic prevalent Prev OR Effect
r2 Case A1F Non-case A1F HR/OR (95% CI) P Case A1F Non-case A1F HR/OR (95% CI) P

rs4656461 OAG 1 165 687 205 TMCO1 G A 0.988 0.151 0.138 1.081 (0.87,1.34) 0.47 0.147 0.139 1.052 (0.76,1.46) 0.76 1.51 ++++
rs7588567 OAG 2 134 363 032 NCKAP5 C T 0.573 0.459 0.449 1.085 (0.89,1.32) 0.42 0.458 0.45 1.036 (0.77,1.4) 0.82 1.18 2+++
rs4236601 OAG 7 116 162 729 CAV2- CAV1 A G 0.996 0.244 0.249 0.96 (0.81,1.14) 0.66 0.242 0.249 0.96 (0.73,1.25) 0.74 1.27 2+22

rs284489 OAG,NR 8 105 958 020 LRP12- ZFPM2 A G 1 0.638 0.624 1.092 (0.93,1.28) 0.29 0.572 0.625 0.82 (0.64,1.043) 0.11 1.61 +++2

rs1063192 OAG 9 22 003 367 CDKN2B A G 0.973 0.762 0.757 0.998 (0.83,1.2) 0.98 0.772 0.757 1.029 (0.77,1.37) 0.84 1.33 ++2+
rs523096 OAG 9 22 019 129 CDKN2BAS A G 1 0.746 0.755 0.93 (0.78,1.11) 0.42 0.765 0.754 1.0081 (0.76,1.33) 0.95 2.13 ++2+
rs7865618 OAG 9 22 031 005 CDKN2BAS A G 1 0.769 0.763 1.0035 (0.83,1.21) 0.97 0.778 0.764 1.025 (0.77,1.36) 0.87 1.79 ++++
rs2157719 OAG,NR 9 22 033 366 CDKN2BAS T C 0.998 0.769 0.763 1.0036 (0.83,1.21) 0.97 0.778 0.764 1.023 (0.77,1.36) 0.88 1.72 ++++
rs4977756 OAG 9 22 068 652 CDKN2BAS A G 0.994 0.728 0.745 0.94 (0.79,1.11) 0.48 0.751 0.743 1.019 (0.78,1.33) 0.89 1.39 ++2+
rs10483727 OAG 14 61 072 875 SIX1- SIX6 T C 1 0.42 0.412 1.015 (0.87,1.18) 0.85 0.477 0.413 1.3 (1.027,1.64) 0.029 1.29 +2++
rs3753841 ACG 1 103 379 918 COL11A1 G A 0.999 0.375 0.346 1.069 (0.92,1.25) 0.4 0.359 0.349 1.028 (0.81,1.3) 0.82 1.2 +2++
rs10881542 ACG 1 104 852 738 FTLP17- CDK4PS C T 0.97 0.526 0.5 1.1 (0.94,1.29) 0.23 0.481 0.503 0.94 (0.73,1.19) 0.59 1.17 +2+2

rs1015213 ACG 8 52 887 541 PCMTD- ST18 T C 1 0.071 0.083 0.85 (0.63,1.15) 0.29 0.059 0.082 0.68 (0.42,1.12) 0.13 1.49 2222

rs11024102 ACG 11 17 008 605 PLEKHA7 C T 0.996 0.26 0.255 1.043 (0.88,1.24) 0.63 0.284 0.256 1.16 (0.9,1.49) 0.26 1.22 +2++
rs3788317 ACG 22 19 889 825 TXNRD2 G T 0.87 0.744 0.732 1.11 (0.92,1.33) 0.29 0.775 0.734 1.3 (0.96,1.75) 0.09 1.21 2+++
rs3213787 NTG,NR 2 45646 824 SRBD1 A G 1 0.876 0.873 1.019 (0.81,1.28) 0.87 0.869 0.873 0.99 (0.7,1.39) 0.94 2.8 2++2

rs735860 NTG,NR 6 53 123 118 GCM12 ELOVL5 C T 1 0.649 0.645 0.9997 (0.85,1.17) 1 0.641 0.645 0.96 (0.75,1.21) 0.71 1.69 2+22

rs3825942 EXF 15 74 219 582 LOXL1 G A 0.992 0.819 0.835 0.9 (0.74,1.1) 0.31 0.853 0.833 1.16 (0.84,1.62) 0.37 20.1 +22+

Chr, chromosome; Pos, base pair position; A1, allele 1, risk allele previously associated; A2, allele 2; A1F, frequency of A1 allele; HR, hazards ratio (incident); OR, odds ratio (prevalent); P, P-value; Prev OR, odds ratio
previously reported for SNP; Effect, going across the columns for African-American incident, African-American prevalent, Hispanic incident and Hispanic prevalent, a “+” indicates that it is in the same direction as previously
reported and a “2” indicates that it is in the opposite direction; OAG, previously found to be associated with open angle glaucoma; ACG, angle-closed glaucoma; NTG, normal tension glaucoma; EXF, exfoliation glaucoma;
NR, previously associated but not replicated SNP. Thus, the first 13 SNPs are the ones we are most confident of being true previous hits.
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demonstrate that African ancestry, both in African Americans
and Hispanics, is associated with an increased risk of glaucoma.
Although we tried to control for as many potential confounders
as were known, including income, education, nationality, blood
pressure and diabetes, it is important to note that these signals
may still represent an unmeasured confounding factor, rather
than reflecting causal genetic factors.

Although none of the previously identified SNPs associated
with glaucoma formally replicated in our cohort, many of
them were in the same direction, and a risk score combining
them was significant in the prevalent African-American cases.
This is likely due in part to sample size and different genetic
architecture, including LD patterns and allele frequencies in
our populations. Lack of diagnostic precision is also likely a

factor, although according to our calculations the attenuation
of the observed relative risks is not likely fully explained by
poor diagnostic specificity. Winner’s curse may also play a
role, where the original relative risks were inflated (20). A post
hoc analysis of the minimum detectable odds ratio/hazards
ratio, correcting for the 13 tests performed here (a ¼ 0.05/
13 ¼ 0.0038), for MAFs of 0.05, 0.10 and 0.20, is 1.57, 1.41
and 1.30, respectively, for prevalent African Americans; 2.31,
1.91 and 1.67 for prevalent Hispanics; 1.40, 1.31 and 1.26 for
incident African Americans; and 1.74, 1.58 and 1.50 for incident
Hispanics (24). These would be slightly larger for markers that
are imputed instead of genotyped.

An important limitation of our study is that glaucoma was
defined by self-report, though studies have shown substantial
agreement between self-report and medical records (24,25). In
addition, data from the WHI Sight Examination (WHISE)
study had 89.8% sensitivity and 98.0% specificity when compar-
ing self-reported treatment to self-reported diagnosis (26). Using
self-report, we find a slightly higher prevalence of the disease
than has been found in other populations of similar race/ethnicity
(1). We also have no distinction between different subtypes
of glaucoma which may have different underlying genetic
architectures (or for purely environmental causes, such as
steroid-induced glaucoma), although the large majority of the
African-American and Hispanic individuals analyzed here are
likely to have OAG (1). OAG and ACG have very different
clinical manifestations. Two-thirds of OAG cases have elevated
( . 21 mmHg) IOP, whereas others may have normal IOP
(normal tension glaucoma), and drainage is inadequate. Second-
ary mechanisms include developmental anomalies, trauma/
infection scarring and plugging of channels by pigment disper-
sion syndrome or pseudo-exfoliation syndrome. In contrast,
ACG is caused by factors that push/pull the iris up into the
angle, physically blocking aqueous drainage and elevating IOP
(27). In addition, IOP may not distinguish between glaucoma
itself and ocular hypertension.

Table 4. Association of risk score combining previously replicated OAG SNPs
by multivariate logistic (prevalent cases) or Cox proportional hazards (incident
cases) regression analysis

Population Risk score
HR/OR (95% CI) P

African-American incident 1.075 (0.955, 1.209) 0.23
African-American prevalent 1.020 (1.008, 1.033) 0.00086
Hispanic incident 1.096 (0.907, 1.325) 0.34
Hispanic prevalent 0.9997 (0.9867, 1.0128) 0.96

Chr, chromosome; Pos, base pair position; A1, allele 1, risk allele previously
associated; A2, allele 2; A1F, frequency of A1 allele; HR, hazards ratio
(incident); OR, odds ratio (prevalent); P, P-value; Prev OR, odds ratio previously
reported for SNP; Effect, going across the columns for African-American
incident, African-American prevalent, Hispanic incident and Hispanic prevalent,
a “+” indicates that it is in the same direction as previously reported and a
“2” indicates that it is in the opposite direction; OAG, previously found to be
associated with open angle glaucoma; ACG, angle-closed glaucoma; NTG,
normal tension glaucoma; EXF, exfoliation glaucoma; NR, previously
associatedbut not replicatedSNP.Thus, the first 13 SNPs are the oneswe are most
confident of being true previous hits.

Figure 1. Manhattan plot of glaucoma association for African Americans. P-values combine incident and prevalent coefficients using an inverse variance method. The
dotted line here marks genome-wide significance at 5 × 1028. Inflation factorl ¼ 1.022. In the plot/legend, the color code of the P-values corresponds to the P-value
in previously reported studies; in the legend, for example, “genotyped, P , 5 × 1028” indicates that a previous study had a P-value of ,5 × 1028, i.e. genome-wide
significant, and “genotyped, win P , 5 × 1028” indicates that it is within 0.5 Mb of such an SNP (a 1 Mb window). Triangles are imputed SNPs and circles are
genotyped SNPs.
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Of note, some of the allele frequencies of previously identified
hits are lower in African Americans and Hispanics. In particular,
this is true of the SNPs in the CDKN2B/CDKN2BAS region
which have much lower allele frequencies in African Americans
and Hispanics than in the 1000 Genomes whites (MAF of
rs523096 0.43, rs7865618 0.42, rs2157719 0.42, rs4977756
0.40 and rs1063192 0.43). These correlated SNPs are protective
against glaucoma, and so the reduced frequency of these alleles
may contribute to the higher prevalence of disease in African
Americans and Hispanics.

We also found two potential novel SNPs associated with glau-
coma in African Americans that require further follow-up. Cur-
rently, no such replication cohort exists, to the best of our
knowledge. The SNPs did not have RegulomeDB scores (i.e.
no evidence of functionality), and both had too low of an allele
frequency to be tested in the WHI Hispanics. However, we
anticipate that the development of other large cohorts of
African-American glaucoma cases may allow for a direct assess-
ment of replication, which will be critical. We also note that the
SNP with 1000 Genomes identifier chr14:51604618:I, which
was genome-wide significant in African Americans but did not
replicate in Hispanics, is in the location of a previous linkage
peak at chromosome 14q22 (hg19 position 50 900 001–58 100
000) (28).

In summary, although our study fails to replicate previous
findings from different races/ethnicities after correcting for mul-
tiple testing, many of the associations are in the same direction.
Larger sample sizes are necessary to fully understand the degree
to which these associations are replicable in African Americans
and Hispanics, and the relative magnitude of genetic effects. We
also identified several genome-wide significant SNPs by imput-
ation that should be tested for replication in additional cohorts
with African ancestry. Finally, it is the first study to demonstrate
an association of glaucoma with African ancestry.

MATERIALS AND METHODS

Participants

The WHI is a US-wide study consisting of an observational
cohort and three clinical trials examining common health pro-
blems in generally healthy postmenopausal women. Study
baseline was from 1993 to 1998 with annual follow-up for 8–12
years and two 5-year extensions (from 2005 to 2010 and 2010
to 2015). Details of the study design and cohort characteristics
have been previously described (29,30). The nested WHI-
SHARe cohort analyzed here consisted of 8515 individuals of
African-American race/ethnicity and 3642 of Hispanic race/eth-
nicity from both the WHI Observational Study and the Clinical
Trials, who had consented to genetic research. All participants
provided written informed consent as approved by local
Human Subjects Committees. Phenotypes were based on the
phs000200.v3.p1 release of the dataset on October 21, 2010.

Genotyping and data quality control

Individuals in the WHI-SHARe cohort were genotyped on the
Affymetrix 6.0 array. Genotype quality control criteria included
call rate, sex discrepancy and blinded and unblinded duplicates.
Furthermore, individuals whose genetic ancestries differed fromT
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self-reported races/ethnicities, as well as any relatives (one from
each set) were removed. A total of 8153 individuals of African-
American race/ethnicity and 3587 individuals of Hispanic race/
ethnicity passed all sample and genotype quality control criter-
ion. Details of these quality control procedures have been
described previously (31–33).

Glaucoma phenotype definition

Women self-reported prevalent and incident of glaucoma
through a series of questionnaires. For the prevalence analysis,

at WHI baseline (1993–1998) an initial Medical History form
was sent out to WHI participants (Form 30) asking individuals
if they had ever had glaucoma. There were 658 African-
American women who self-reported having glaucoma at this
time, and 7129 women who did not; as well as 153 Hispanic
women who self-reported glaucoma at baseline, and 3021 who
did not.

For the incidence analysis, we followed up on individuals who
did not have glaucoma at baseline. We also excluded individuals
who were missing a response to the glaucoma question on the
baseline Medical History form, though including them as

Figure 3. Admixture results for glaucoma in African Americans. P-values combine incident and prevalent coefficients using an inverse variance method. None of the
points reach genome-wide significance of 7 × 1026. Black lines indicate SNPs that are in within 0.5 Mb of an SNP that was previously found associated with glaucoma
with P , 5 × 1028; dark gray is those previously associated with glaucoma with P . 5 × 1028.

Figure 2. Local plot of rs542340 and rs192917960 in glaucoma in African Americans with 1000 Genomes African-American LD structure. Triangles are imputed
SNPs and circles are genotyped SNPs.
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unaffected at baseline did not change the overall conclusions in
the manuscript (results not shown). After baseline, participants
self-reported annually (Form 33) until 2005, on the Medical
History Update form whether they had first been told they had
glaucoma since their last update. This resulted in 1062
African-American and 336 Hispanic individuals with incident
glaucoma. A total of 6067 African American and 2685 Hispanic
individuals free of self-reported glaucoma at baseline never pro-
gressed to glaucoma and were censored at the last time they self-
reported their unaffected status (Form 33).

To get some assessment of the accuracy of the self-report
medical history information, we used an independent set of indi-
viduals from the WHISE substudy of WHI, which obtained infor-
mation on self-reported glaucoma treatment (drops,medication or
surgery) (26). Treating self-reported treatment as the closest thing
available to a true doctor’s diagnosis, self-reported glaucoma has
sensitivity89.8% andspecificity 98.0%(220 self-reportglaucoma
and glaucoma treatment; 4015 self-report no glaucoma and no
treatment; 82 self-report glaucoma but not glaucoma treatment;
and 25 self-report treatment but not glaucoma).

Evaluation of demographic and medical characteristics

Study subjects were evaluated for possible glaucoma-associated
demographic factors including age, sex, race/ethnicity/national-
ity, income and education. Medical traits also possibly associated
with glaucoma were obtained from the baseline Medical History
form and included BMI, SBP, DBP, hypertension and diabetes.
These factors were tested for association with glaucoma using a
multivariable logistic regression model for prevalent cases and
Cox proportional hazards model for incident cases.

Genomic imputation

Imputation was performed using a cosmopolitan reference panel
of all of the individuals of all races/ethnicities from the 1000
Genomes March 2012 interim release (http://1000genomes.
org). Genotypes were pre-phased with SHAPE-IT v1.ESHG
(34), and then imputed using Impute2 v2.2.2 (35). We then dis-
carded all SNPs with imputation r2 , 0.3. To assure sufficient
allele counts in tests of association with glaucoma, we used only
SNPs with MAF . 0.01 in the analysis of African-American
incident cases (15 784 307 SNPs) and MAF . 0.02 in the ana-
lysis of African-American prevalent cases (14 803 533 SNPs),
MAF . 0.03 in Hispanic incident case analyses (7 791 354
SNPs), and MAF . 0.05 in Hispanic prevalent case analyses
(6 450 021 SNPs). These MAF thresholds give an expected
cell count of at least 20 in the smallest (case) cell including
minor homozygotes plus heterozygotes.

Population structure and genome-level ancestry analysis

Principal components analysis was performed separately in indi-
viduals of African-American race/ethnicity and Hispanic race/
ethnicity using Eigenstrat (36). We also used the software
Frappe (37) to determine individual ancestry proportions using
656 852 autosomal markers and 475 publicly available samples
to represent the ancestral populations (YRI and CEU from
HapMap and East Asian and Native Americans from the Human
Genome Diversity Project (38)), as has been described (32). The

individual ancestry proportions so derived were used as the
dependent variables in a logistic regression analysis of prevalent
cases and survival analysis of incident cases (as described above
for the demographic variables) to test the effect of ancestry on
glaucoma risk.

Local ancestry estimation and admixture mapping

For admixture mapping analysis, local ancestry was estimated
using the program SABER+ (39), as has been described in a pre-
vious analysis of WHI-SHARe data (32). The threshold for
genome-wide significance is less than for genome-wide associ-
ation tests because recent admixing history causes extensive cor-
relation in local ancestry. Previous theoretical analysis and
simulations suggest that a threshold of 7 × 1026 provides the
correct type I error (40). Admixture analysis was only performed
in individuals of African-American race/ethnicity, and not in
those of Hispanic race/ethnicity because of the reduced sample
size for the latter (32). The analysis was based on logistic regres-
sion for prevalent cases and proportional hazards analysis for in-
cident cases, testing a covariate for local ancestry at each SNP
location (instead of for an SNP genotype as in a GWAS analysis,
as described below).

Genome-wide association analysis

Association analysis was performed using R (41). A logistic re-
gression model was used to analyze prevalent case data and a
Cox proportional hazards model was used to analyze incident
case data. Analyses were conducted separately in each race/eth-
nicity group. Genotypes were analyzed using an additive model
for typed markers, and additive dosages for imputed markers,
which has been shown to be efficient (42). The first and
seventh principal components were used in the analysis with
African Americans and the second and fifth principal component
were used in the analysis with Hispanics, as they were the only
PCs significant in the model. We also included as covariates sig-
nificant demographic/medical factors described above.

Under certain assumptions, we can combine the results of the
incidence and prevalence analyses within each race/ethnicity.
Although the individuals in the prevalence and incidence
models overlap, the person-time of the individuals does not
overlap. If we assume that being free of glaucoma at baseline
(the time of prevalence measure) is independent of the time to
develop incident glaucoma, conditional on the covariates
(which include age), then the logistic regression analysis of
prevalent cases and the survival analysis of incident cases are in-
dependent under the martingale property of Cox models (43).
We can test this assumption to some extent by computing the cor-
relation of the regression coefficients; we saw very low correl-
ation estimates of 0.029 in African Americans and 20.0062 in
Hispanics. When this assumption is met, we can combine the
coefficients of both results. We use the standard inverse variance
method to combine the coefficients, an approach typically
employed under a rare-disease assumption, which in our case
is only approximate but adequate (in terms of the odds ratio
from the analysis of prevalence cases approximating the relative
risk).

We used a multiple comparison statistical significance thresh-
old of 5 × 1028, which we use to declare genome-wide
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significance. For replication of the 13 SNPs found and replicated
in previous studies to be associated with glaucoma, we used
Bonferroni-corrected statistical significance threshold of
a ¼ 0.05/13 ¼ 0.0038.

The genomic inflation factor (44) was very modest for all
GWAS analyses (African-American incident and prevalent
l ¼ 1.022; African-American incident l ¼ 0.988; African-
American prevalent l ¼ 1.014; Hispanic incident and prevalent
l ¼ 1.025; Hispanic incident l ¼ 1.036; Hispanic prevalent
l ¼ 0.994).

Test of previously identified hits (combined risk score)

We constructed a risk score for each individual by weighting the
additive coding of each OAG-associated SNP by the previously
reported log(OR), and then summing them up, excluding var-
iants in high LD with each other (namely the CDKN2B/
CDKN2BAS region where we only included the maximally cor-
related SNP rs7865618, see Supplementary Material, Table S1).
We coded the SNP genotypes at each locus so that the predispos-
ing allele had a score of 1 (versus 0 for the protective allele), so
that the log(OR) was always positive, and we could assess the
consistency of the directionality of the risk score with previous
results.

Assessing attenuation of SNP relative risks using self-report
diagnosis

Self-reported diagnosis of glaucoma may have reduced sensitiv-
ity and specificity with a true diagnosis of glaucoma, and in par-
ticular OAG. To assess the potential impact on our SNP
association results (i.e. observed relative risks), we develop
some formulas. Let RRt denote the true relative risk associated
with an SNP variant, and RRo the relative risk observed in our
study based on self-report. Let G denote the high-risk geno-
type(s) and g the low-risk genotype(s). Let X denote the true
glaucoma status of an individual ( ¼ 1 if affected and 0 if
unaffected) and Y denote the self-report glaucoma status (¼1
if affected and 0 if unaffected). Let t ¼ Prob(X ¼ 1|G) and
u ¼ Prob(X ¼ 1|g), so that RRt ¼ t/u. Let a ¼ Prob(Y ¼ 1|X ¼
1) ¼ sensitivity of self-report and b ¼ Prob(Y ¼ 0|X ¼ 0) ¼
specificity of self-report. From these definitions, we derive the
following formula:

RRo = [ta + (1 − t)(1 − b)]
[ua + (1 − u)(1 − b)] (1)

After some algebra, we obtain

(RRo − 1)
(RRt − 1) =

1 + (1 − b)
[u(a + b − 1)]

{ }−1

(2)

This formula can then be used to assess the attenuation of an SNP
relative risk due to an imprecise diagnostic assessment.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.

ACKNOWLEDGEMENTS

The authors thank the WHI investigators and staff for their
dedication and the study participants for making the program
possible. A listing of WHI investigators can be found at http
://www.whiscience.org/publications/WHI_investigators_short
list_2010-2015.pdf. We are grateful to an anonymous reviewer
for pointing out the overlap of our association finding on
chromosome 14 with a prior linkage peak in the same population
(African Americans).

Conflict of Interest statement. None declared.

FUNDING

This study was supported in part by the National Institutes
of Health grants R25 CA112355. The Women’s Health Initia-
tive (WHI) program is funded by the National Heart, Lung,
and Blood Institute, National Institutes of Health and the
United States Department of Health and Human Services
through contracts HHSN268201100046C, HHSN2682011 000
01C, HHSN268201100002C, HHSN268201100003C, HHS
N2 68201100004C and HHSN271201100004C. The content
is solely the responsibility of the authors and does not necessar-
ily represent the official views of the National Institutes of
Health.

REFERENCES

1. Quigley, H.A. and Broman, A.T. (2006) The number of people with
glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol., 90, 262–267.

2. Chang, T.C., Congdon, N.G., Wojciechowski, R., Muñoz, B., Gilbert, D.,
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