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IMPORTANCE Mechanisms behind pigmentary glaucoma, a form of early-onset glaucoma that

may potentially lead to severe visual impairment or blindness, are poorly understood.

OBJECTIVE To calculate the single-nucleotide polymorphism (SNP) heritability of pigmentary

glaucoma and identify genetic associations with the disease.

DESIGN, SETTING AND PARTICIPANTS This genome-wide association study included affected

individuals from Germany and control participants from the United Kingdom. Genome-wide

information was obtained for patients with pigmentary glaucoma and control participants

free of glaucoma by using the Illumina Human Omni Express Exome 8v1-2 chip and genomic

imputation. The SNP heritability of pigmentary glaucomawas estimated through a restricted

maximum likelihood analysis. Associations between the genetic variants and pigmentary

glaucoma obtained from age, sex, and principal component–adjusted logistic regression

models were compared with those of SNPs previously associated with other eye phenotypes

using Pearson product-moment correlations. Data were collected fromNovember 2008 to

January 2018, and analysis was completed between April 2018 and August 2019.

MAIN OUTCOMES ANDMEASURES An estimate of SNP-explained heritability for pigmentary

glaucoma; correlations of effect sizes between pigmentary glaucoma and iris pigmentation

andmyopia; and correlations of effect sizes between pigmentary glaucoma and other eye

phenotypes.

RESULTS A total of 227 affected individuals (mean [SD] age, 58.7 [13.3] years) and 291 control

participants (mean [SD] age, 80.2 [4.9] years) were included; all were of European ancestry.

The SNP heritability of pigmentary glaucomawas 0.45 (SE, 0.22; P = 6.15 × 10−10). Twelve

SNPs previously reported with genome-wide significant association with eye pigmentation

were associated with pigmentary glaucoma’s SNP heritability (4.9% SNP heritability; 0.022;

P = 6.0 × 10−4). Pigmentary glaucoma SNP effect sizes were correlatedmoderately for

myopia (r, 0.42 [95% CI, 0.14-0.63]; P = 4.3 × 10−3) andmore strongly with those for iris

pigmentation (r = −0.69 [95% CI, −0.91 to −0.20]; P = .01), although this was nonsignificant

per a strict adjusted significance threshold (P < .01).

CONCLUSIONS AND RELEVANCE These findings support the conclusion that pigmentary

glaucomamay have a genetic basis and be highly heritable. Variants associated with lighter

eye color andmyopia appear to be associated with increased risk of pigmentary glaucoma,

but no shared genetic basis with primary open-angle glaucoma (or its quantitative

endophenotype of cup-disc ratio) was observed.
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G
laucoma is currently the leading cause of irreversible

blindness worldwide.1 Although various subtypes of

glaucoma are pathogenetically different, they all re-

sult in loss of retinal ganglion cells,with visible damage to the

opticnervehead, thinningof retinal nerve fiber layer, andpro-

gressive visual field loss, as well as blindness if the condition

is left untreated.2 Pigmentary glaucoma (PG) is not as com-

mon as primary open-angle glaucoma (POAG), but it affects

patients at a much earlier age. The mean age at diagnosis for

PG is during the fifth decade of life3; the initial age at onset is

likely to be younger, given the lack of symptoms and screen-

ing performed at this age, which result in a late diagnosis.

Pigment dispersion syndrome (PDS) is a precursor to PG.

This condition is characterized by the atypical accumulation

of iris pigment, predominantly deposited in the trabecular

meshwork but also throughout the anterior segment of the

eye,4 where the pigment is phagocytosed.5 Pigment disper-

sion syndrome alone is a relatively benign condition, with

an estimated population prevalence of 2.45% in European

individuals.6 Although the trabecular meshwork can accom-

modate substantial accumulation of pigment without intra-

ocular pressure (IOP) increases,7pigment buildupmay lead to

phagocytic capacity overload, trabecular epithelium cell

death (which may cause irreversible changes of the denuded

trabecularbeams), aqueousoutflowobstruction, elevated IOP,

and glaucomatous optic disc changes.8About 15% of patients

withPDSwilldevelopPGwithin15years frominitialdiagnosis,9

and up to 50% will develop it at some point during the pa-

tient’s lifetime.10Factors thatdeterminewhether apatienthas

PDS or PDS evolves into PG are currently unknown, although

male sex,myopia, European ancestry, and a family history of

PG have been associated with a higher risk of PG.11

Familial aggregation and recurrences in relatives4,11 sug-

gest a genetic component for PG. A previous genetic linkage

study suggested that a locus in the 7q35-7q36 region is linked

to PDS and PG,12 and more recently variants in the premela-

nosome protein gene (PMEL) have been identified in a family

study.13 The relative importance of genetic factors remains

unknown; DBA/2J murine models that are homozygous for

both apremature stop codon in the transmembrane glycopro-

tein NMB gene (Gpnmb) and a recessive tyrosinase-related

protein 1 (Tyrp1) mutation show iris pigment dispersion and

elevated IOP, causing glaucomatousdamage,14,15but no asso-

ciationhasyetbeendetectedbetweenanyvariantswithin their

human orthologues and PG,16,17 nor have any other genetic

variants been reported for association with either PDS or PG

outside of familial studies.

In this study, we further elucidate the genetics of PG

through a genome-wide association study (GWAS) of

affected individuals and control participants to estimate the

proportion of PG risk that can be attributed to common

genetic variants (the single-nucleotide polymorphism

[SNP] heritability) in a population of unrelated individuals.

We also evaluate the similarities in genetic architecture

between PG and common ocular risk factors, some of which

were previously hypothesized as risk factors to PG, such as

myopia and eye pigmentation, but also IOP, POAG, and verti-

cal cup-disc ratio.

Methods

Participants

All participants gave full written informed consent to partici-

pate in the study. Recruitment of all affected individuals and

control participants followed the Ethical Principles for

Medical Research Involving Human Subjects of the Helsinki

Declaration. For our study, we used data from individuals

affected by PG cases fromGermany. All cases were examined

by the same ophthalmologist, and PG was diagnosed on the

basis of the presence of glaucomatous optic neuropathy ac-

companied by visual field loss, elevated IOP (>21 mm Hg),

presence of Krukenberg spindles, and presence of a hyper-

pigmented trabecular meshwork. Recruitment of these pa-

tients was approved by the ethics committees of the Univer-

sity of Tübingen and the University of Würzburg.

The control participantswere aging individuals recruited

from eye clinics in South London, United Kingdom. (Ethical

approval was obtained from National Research Ethics

Committee–Brent.) These individualswere selected based on

absence of any clinical sign of glaucoma. Specifically, these

participants showed no sign of pathological disc changes,

elevated IOP, or pigmented trabecularmeshwork. Theagedif-

ference between the 2 groups was intentional and designed

to include supercontrol participants who were unlikely to

develop glaucoma, to minimize classification errors.

DNA Extraction and Genotyping

Patient DNA was extracted from peripheral blood lympho-

cytes using theMagnetic SeparationModule I fromChemagen

using DNA chemistry (Chemagic DNA Blood Kit Special

[Chemagen AG]). Control DNAwas extracted fromwhole, fro-

zen EDTA blood using the Nucleon BACC 3 kit (Gen-Probe Life

Sciences Ltd). Both affected individuals and control partici-

pants were genotyped using theHumanOmni Express Exome

8v1-2BeadChip (Illumina).Genotypeswere submitted to strin-

gentquality-control pipelines, followingestablishedbestprac-

tices previously described,18 which assured that only high-

quality individualgenotypeswere included,suchas individuals

Key Points

Question How heritable is pigmentary glaucoma, and are there

shared genetic risks with other eye phenotypes?

Findings This genome-wide association study of 227 affected

individuals and 291 control participants estimated that 45% of

disease variance is associated with common single-nucleotide

polymorphisms. Pigmentary glaucoma appeared genetically

distinct from primary open-angle glaucoma and its

endophenotypes, but some single-nucleotide polymorphisms

associated with eye color andmyopia were correlated with

those for pigmentary glaucoma.

Meaning This study’s findings support that pigmentary

glaucomamay be heritable and found evidence for shared

genetic architecture betweenmyopia and iris pigmentation

with pigmentary glaucoma.
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with sufficiently high genotype success rates (>0.95), who

showed no excessive relatedness to other participants in the

sample (<0.05) and were of nonadmixed European ancestry

after principal component analyses (PCA), among other crite-

ria. Polymorphic sites were excluded from subsequent analy-

ses whenever they had a low genotype success rate (<0.95) or

were in Hardy-Weinberg disequilibrium (P < 1 × 10−4). Most

quality-control analyseswere carriedoutusing thePLINKsoft-

ware version 1.9 (GRAIL Inc).19 Principal component analyses

ascertained the full European ancestry of the participants

by overlaying them to control participants from the HapMap

project phase 3. Genotypeswere imputed up to theHaplotype

Reference Consortium panel,20 using the Michigan Imputa-

tion Server.20,21

Statistical Analyses

The variance explained by genotyped SNPs, a proxy for

genetic heritability,was estimatedusing restrictedmaximum-

likelihood (REML) analysis as implemented in the Genome-

wide Complex Trait Analysis (GCTA) software version 1.26.0

(Yang).22,23Thismethodcorrelatesgeneticsimilaritieswithphe-

notypic variabilitywithin apopulation sample. This is concep-

tually similar to family-based heritability models in which ge-

netic similarity ismodeledon thebasis of family relationships,

while GCTA takes advantage of the smaller degrees of similar-

itybetweenany2 individuals inapopulationsample.TheGCTA

software calculates the proportion of trait variance explained

by the collective additive effect sizes of all available SNPs. This

method shows equivalence to traditional family-based herita-

bility calculations; however, because of limitations discussed

elsewhere,24 the estimates of variability produced only in-

clude the genomic variation measured using a given platform

andsoare lowerthanfamily-basedheritability.Significancetests

for theSNPheritabilityestimateareperformedbytestingagainst

the null hypothesis (SNP heritability = 0), with significant re-

sults indicating confidence that the estimate is greater than 0.

To distinguish between thesemethods, results obtained using

the REML methodology are hereinafter described as SNP

heritability, as opposed to narrow-sense heritability obtained

from family-based studies. To apply this method to case-

controldata, resultsare transformedfromthe linear scale to the

liability scale, so the calculatedSNPheritability is a quantifica-

tionof theproportionof disease risk that is explainedby geno-

typedSNPs.Forour analysis, directly genotyped,prunedSNPs

(ie, those not in linkage disequilibrium with each other) were

used for the SNP heritability calculations. Thismodel requires

the value of disease prevalence to be known to make calcula-

tionsof thegeneticheritabilityofdiscretephenotypic traitspos-

sible. Because no population prevalence of PG was published

at the time of writing, we made estimates based on the popu-

lationprevalenceofPDSandthe incidenceofPGinpatientswith

PDS. From the reported PDS prevalence 2.45%6 and the as-

sumption of a PDS-to-PG conversion rate of 15%,9 we inferred

and subsequently used 0.37% as the value of the most likely

prevalence of PG in a European population.

TheassociationbetweenPGstatusandeachavailablepoly-

morphism (after imputation and quality control) was tested

using logistic regression, as implemented in the PLINK 1.9

software,25adjusting for age, sex, and the first 3principal com-

ponents. Because aGWASof this size has insufficient power to

identify associated variantswith genome-wide significance, it

is inherently underpowered for methods, such as linkage dis-

equilibriumscore regression,26 toestimateSNPheritabilityand

test for genetic correlation between other traits of interest.

Instead, we used the Pearson correlation test to compare

effect sizes (regression coefficients) of SNPs associated with

other phenotypes of interest and their association with PG.

For comparison of SNP effect sizes, we used summary

statistics from the most well-powered GWAS for the traits of

interest that have been published to our knowledge to date.

For PG and eye pigmentation, we used regression coeffi-

cients for 12 SNPs with genome-wide significant associations

for eye color.27 For myopia, we used coefficients from 45 re-

ported polymorphic loci28 that passed the quality-control

criteria in our data set. For IOP, we used 133 significantly as-

sociated SNPs identified by Khawaja et al29 using conditional

analysis. For POAG,weused the 18 SNPs reported byChoquet

et al30 as having genome-wide significance. For vertical cup-

disc ratio,weused the 18polymorphismsassociatedat aGWAS

level.31 Inaddition to thecorrelationofeffect sizes, theamount

of PG risk variance on the liability scale (partitionedheritabil-

ity) explained by the subsets of polymorphisms associated

with each phenotypewas calculated using REML analysis, as

described. Bonferroni correction for multiple testing was ap-

plied for the partitionedheritability and correlation analyses,

with P < .01 determined to be significant.

TheseSNPswerealsousedas instruments inmendelianran-

domization(MR)analysis totest ifeither irispigmentationor IOP

havedetectable potential causality in PG. These analyseswere

conducted in theRpackageMendelianRandomizationversion

0.3.02018 (RFoundation for Statistical Computing).Datawere

collectedfromNovember2008toJanuary2018,andanalysiswas

completed betweenApril 2018 andAugust 2019.

Results

A total of 227 individuals with PG were included. All were of

self-reported European origin. Their mean (SD) age was 58.7

(13.3) years. In addition, 291 control participants (mean [SD]

age, 80.2 [4.9] years), all of self-reported European ancestry,

were included.TheEuropeanoriginofall participantswascon-

firmed.Affected individualsandcontrolparticipantsweresuit-

ably matched for ancestry when the first 3 principal compo-

nentswere compared (eFigures 1, 2, and3 in the Supplement).

Weperformed aGWASusing SNPs available after imputa-

tion.Thisanalysisdidnotproduceanyassociationsofgenome-

wide significance. This analysis confirmed lackof genomic in-

flation (genomic inflation factor λ = 1). Under the assumption

of a 0.37%population prevalence and despite the low sample

size, REML analysis found that a portion of PG variance was

associated collectively with all the polymorphisms from the

genotyping array (0.45 [SE, 0.22]; P = 6.15 × 10−10).

Aproportionof SNPheritabilitywas associatedwith SNPs

that have previously been associated with other ocular traits

(Table 1), such as iris color (SNP heritability, 0.022 [4.9%];
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P = 6.0 × 10−4) and myopia (SNP heritability, 0.02 [4.4%];

P = .04). By contrast, we were unable to detect any contribu-

tion to PG heritability of loci associated with IOP, POAG, and

vertical cup-disc ratio (Table 1).

In addition, genetic correlations betweenmyopia and eye

pigmentation with PG were found (Table 2). Genetic suscep-

tibility loci associated with myopia were significantly corre-

lated,withahigher risk forPGafter correction formultiple test-

ing (r = 0.42 [95% CI, 0.14-0.63]; P = 4.3 × 10−3), and genetic

factors predisposing to darker iris colors were negatively cor-

related with PG (r = −0.69 [95% CI, −0.91 to −0.20]; P = .01).

Therewas a correlationbetweenPGandPOAG-associated loci

(r = 0.67 [95% CI, 0.29-0.86]; P = 2.6 × 10−3) and IOP-

associated loci (r = 0.22 [95% CI, 0.05-0.37]; P = .01).

We further tested the lysyl oxidase like 1 (LOXL1) locus in

this sample, because exfoliationglaucoma is aphenotype that

is susceptible to being misdiagnosed as PG, given increased

pigment found in the iridocorneal angle in this condition. No

SNPs in the LOXL1 locus approached statistical significance,

including the most strongly associated SNP, rs3825942 (for

exfoliation glaucoma32). The lack of an association in this

region confirms the phenotyping quality in our cohort.

TheMRanalysesdidnot identify anydirect potential cau-

salityof IOPoreyecolor inPG. (More information is ineTables 1

and 2 in the Supplement.)

Discussion

Toour knowledge, this is the first attempt to evaluate the SNP

heritability of PG to date. Despite observations of familial ag-

gregation, andepidemiologic associationwith factors that are

significantly heritable, the apparent sporadic nature of PG

and its low population prevalence have made classic family-

based studies of heritability nearly impossible. Here,wehave

overcome these difficulties by exploring the phenotypic vari-

ance attributable to measured genomic polymorphisms as a

proxy for heritability.

There are a number of conclusions we can draw from our

analyses. First, our findings are consistent with a possible

genetic component in the causeof PG.TheSNPheritability es-

timate of 0.45 is in line with those of many different human

complex phenotypes anddiseases (for example, bodyheight,

which also has an estimated SNP heritability of 0.45).24 The

SNP-basedestimatesofheritability areusually lower than true

narrow-sense heritability estimates from family-based stud-

ies. For example, the classic twin-based narrow-sense herita-

bility of body height is estimated to be around 0.8.33

Second, our analyses suggest that PG has a distinctive risk

profile from POAG. This is compatible with prior reports of no

significant difference in the family history of POAG in patients

withPGcomparedwithnonglaucomatousPDS.34Geneticvari-

ants associatedwith IOP explain sizeable proportions of POAG

risk.29Although IOP-associated andPOAG-associatedvariants

werecorrelatedwithPGrisk, theiractual contributionto itsSNP

heritability was insignificant. It is possible that an existing

geneticpredispositiontowardhigherIOPmaybeassociatedwith

patients showing symptomsof glaucoma, but it is equally pos-

sible that the genetic correlation observed may simply reflect

the fact that elevated IOPwas a formal criterion for PGdiagno-

sis in the cases of this study’s participants. The findings of

the MR analysis did not support the potential causality of IOP

in PG. This may be due to the large standard errors for out-

come (PG) estimates, or because theMR-Egger testwas able to

detect and correct for horizontal pleiotropy.35 Much like the

GWAS analysis, statistical power is the limiting factor prevent-

ing any certain conclusions being drawn from MR analysis in

this data set. Therewas no evidence for sharing of genetic risk

factorswithotherendophenotypescorrelatedwithPOAG,such

as vertical cup-disc ratio.

Third, our analyses point to shared genetic risks between

irispigmentation,myopia,andPG. Ithaspreviouslybeennoted

that PDS and PG primarily affect European individuals, espe-

cially thosewith lighter eye color.36 It is not clearwhether the

contribution of genetic factors involved in eye pigmentation

is based on pathophysiology or if it is a consequence that PG

signs (eg, transillumination, pigment in angle) may be more

noticeable in patients with lighter eye colors.4

Although the contribution of genetic variants associated

with myopia was nominal, it is consistent with previous

observations published in the literature that led to sugges-

tions about a molecular basis for which PG is more frequent

in patients with myopia. One possible explanation, as pro-

posed by Campbell, is that myopic eyes of male patients are

elongated with iris bowing, which causesmechanical rubbing

between the iris and so-called packets of zonular fibers,

displacing iris pigment.37 Kaiser-Kupfer et al38 presented

cases inconsistent with this theory, suggesting additional,

other (unknown) factors in PG pathogenesis. Our results

complement these studies, suggesting that myopia accounts

for a proportion of risk but other genetic factors should be

considered. Finally, in cataract surgery, so-called iris bounce

Table 1. Single-Nucleotide Polymorphism (SNP) Heritability

of Pigmentary Glaucoma, Accounted for by the SNPs

AssociatedWith Other Eye Phenotypes

Phenotype
No. of
SNPs SNP Heritability (SE) P Value

Pigmentation 12 0.022 (0.013) 6.0 × 10−4

Myopia 45 0.02 (0.012) .04

Intraocular pressure 133 0.011 (0.015) .31

Primary open-angle
glaucoma

18 7.9 × 10−4

(5.5 × 10−3)
.50

Vertical cup-disc ratio 18 1.8 × 10−3

(5.9 × 10−3)
.50

Table 2. Correlation Between the Effect Sizes for Single-Nucleotide

Polymorphisms (SNPs) AssociatedWith Other Phenotypes

and Their Effect Sizes for Pigmentary Glaucoma

Phenotype
No. of
SNPs Pearson r (95% CI) P Value

Pigmentation 12 −0.69 (−0.91 to −0.20) .01

Myopia 45 0.42 (0.14-0.63) 4.3 × 10−3

Intraocular pressure 133 0.22 (0.05-0.37) .01

Primary open-angle
glaucoma

18 0.67 (0.29-0.86) 2.6 × 10−3

Vertical cup-disc ratio 18 0.43 (−0.04 to 0.75) .07
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(lens-iris diaphragm retropulsion syndrome) is more com-

mon in individuals with high myopia.39

One of the strengths of our study is the systematic nature

of our analyses.We used genome-wide information to evalu-

ateSNPheritability and thecontributionofdifferent setsof ge-

neticvariants to it.Pigmentaryglaucomaisa relatively rarecon-

dition, and it is practically difficult to collect the sample sizes

required to estimate heritability through family-based stud-

ies or use the power of genetic association studies to identify

genesandhighlightpathophysiologicalmechanisms.Ourstudy

took advantage of prior knowledge and identified mecha-

nisms that contribute toward PG in the general population.

Limitations

This study also has limitations, including limited statistical

power.Thisprevented theuseofestablished, systematicmeth-

ods suchas linkagedisequilibriumscore regression,whichhas

been successful in identifying genetic correlations for traits

analyzed in larger cohorts. Although some aspects of the lim-

ited statistical power were mitigated by hypothesis-driven

analyses, measuring genetic-risk sharing with phenotypes

already suspected to be involved in PG, our results have large

confidence intervalsofestimates.Typically, larger samplesizes

are required for REML analyses to calculate SNP heritability

witha reasonablemarginof error. The relatively limitedpower

of our modest cohort is reflected in the standard error (0.22)

for the SNP heritability estimate of 0.45. There was also an

unsurprising absence of associations, given the sample size.

While we attempted to maximize our cohort’s informative-

ness using strict phenotyping and high-quality control data,

it is also very likely that other genetic variants had poten-

tially high levels of correlation with PG, which our study was

not sufficiently well powered to identify.

Conclusions

We provide evidence that PG may be a heritable condition

and that there is shared genetic risk with iris pigmentation

and myopia. These results point to some possible mecha-

nisms that may contribute to this disease, which can be bet-

ter explored by future work in the field.
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