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Abstract
Primary open-angle glaucoma (POAG) is a common disease with complex inheritance. The
identification of genes predisposing to POAG is an important step toward the development of
novel gene-based methods of diagnosis and treatment. Genome-wide association studies (GWAS)
have successfully identified genes contributing to complex traits such as POAG however, such
studies frequently require very large sample sizes, and thus, collaborations and consortia have
been of critical importance for the GWAS approach. In this report we describe the formation of
the NEIGHBOR consortium, the harmonized case control definitions used for a POAG GWAS,
the clinical features of the cases and controls and the rationale for the GWAS study design.

INTRODUCTION
Primary open-angle glaucoma (POAG) is the most common glaucoma subtype in the
Western world. Among people older than 70 years, the prevalence of POAG is 6% in white
populations, 16% in black populations and 3% in Asians (1). By the year 2020, 5.9 million
people are estimated to be bilaterally blind from open-angle glaucoma (2,3) Current
therapies directed at reducing intraocular pressure can slow disease progression, but do not
prevent retinal ganglion cell apoptosis. The development of primary and secondary
preventative strategies and treatments for POAG will require more information about the
underlying mechanisms responsible for the disease, particularly information about the
molecular events contributing to disease pathogenesis. The identification and
characterization of genes predisposing to POAG can define the proteins and molecular
pathways that underlie disease development, information that could lead to the development
of biomarkers for early molecular diagnosis and treatment.

A family history of glaucoma is a major risk factor for POAG, and the prevalence of POAG
in first-degree relatives of affected patients is between 4 and 10 times that of the general
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population (4–7). The higher concordance of glaucoma among monozygotic twins compared
to dizygotic twins is also consistent with a significant genetic predisposition (8, 9). While
POAG has a significant heritability, the adult-onset POAG genes that have emerged from
family based linkage studies account for only a small fraction of the overall POAG
population (10). Recent genome-wide association studies (GWAS) have identified a small
number of POAG candidate genes: a single genomic region containing the genes for
caveolins 1 and 2 (CAV1/CAV2) in an Icelandic sample (OR 1.3) (11) and a POAG GWAS
using cases selected for advanced disease successfully identified two genes of more
signficant effect TMCO1 (OR 1.5) and CDKN2BAS (OR 1.3) (12). Together these three
genes account for less than 10% of the population attributable risk (13). These results
suggest that there are multiple genes awaiting discovery and that datasets with large sample
sizes and well-defined phenotypes are needed to delineate the complex genetic architecture
of POAG. In addition to the recent POAG GWAS success, genome-wide studies have
successfully identified genetic factors contributing to other complex ocular disorders,
including AMD (14–16) myopia (17, 18) and exfoliation syndrome (19). The formation of
multiple consortia and collaborations has been crucial for the success of the GWAS
approach by increasing the sample size to enhance the statistical power and to enable the
replication of findings from individual studies and establishing common methods of analysis
(20,21)

The NEIGHBOR (NEI Glaucoma Human genetics collaBORation) consortium is a unique
collaborative effort involving investigators at 12 institutions located throughout the United
States. The goal of the consortium is to identify genetic variants associated with POAG
using an initial approach of genome-wide association studies. The eventual outcome of this
work is to elucidate the molecular pathogenesis of POAG making it possible to implement
effective screening and prevention strategies and to develop novel therapies. The consortium
has harmonized clinical definitions and genotyping platforms with the GLAUGEN POAG
GWAS that is part of the GENEVA consortium (22), allowing for inter-study validation and
a combined meta-analysis of at least 3500 cases and 3500 controls. This combined dataset is
one of the largest POAG case control study populations collected to date and will provide
sufficient power to investigate the complex genetic architecture of POAG. Described in this
report is the organization of the NEIGHBOR consortium, the harmonized case control
definitions, the clinical features of the cases and controls and the rationale for the GWAS
study design.

METHODS
The NEIGHBOR consortium includes samples from the NEIGHBOR study as well as the
GLAUGEN study. Cases and controls for the NEIGHBOR study were collected from 12
sites in parallel with the collection of cases and controls from 3 sites for the GLAUGEN
study. For these genome-wide association studies, approval was obtained by the institutional
review boards of the: Massachusetts Eye and Ear Infirmary, Brigham and Women’s
Hospital, Duke University, Johns Hopkins University, Marshfield Clinic, Stanford
University, University of Pittsburgh, University of West Virginia, University of Miami,
University of Michigan, University of California, San Diego and Vanderbilt University.

Case and control definitions
The NEIGHBOR and GLAUGEN studies used the same definitions for all cases and
controls. All clinical data was reviewed and copies of the original visual field tests were re-
evaluated for criteria meeting the case definition described below by the coordinating center
at the Massachusetts Eye and Ear Infirmary. Cases and controls were at least 35 years old
and were European-derived or Hispanic Caucasians. People of Asian or African descent
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were excluded. Individuals with greater than 8 diopters of myopia or 8 diopters of hyperopia
were excluded as either cases or controls. Both cases and controls had slit lamp
examinations that did not reveal secondary causes for elevated intraocular pressure,
including narrow angles, exfoliation syndrome, pigment dispersion syndrome, anterior
segment dysgenesis or chronic inflammatory changes. We identified narrow or occudable
angles as those where the filtering portion of the trabecular meshwork was not visible for at
least 180 degrees. Alternatively if the patient was status post prophylactic laser iridotomy
prior to the development of reproducible visual field loss, the angles were regarded as
narrow or occludable. In addition to the above, cases had evidence of optic nerve disease
defined as: 1) visual field loss, consistent with nerve fiber layer defects, reproduced on two
reliable visual fields defined as: fixation loss ≤ 33%; false positive rate ≤ 20% and false
negative rate ≤ 20% consistent with nerve fiber layer loss regardless of optic nerve
appearance, or 2) One visual field showing a defect consistent with nerve fiber layer loss
associated with a corresponding vertical cup-to-disc ratio (vCDR) of at least 0.7, or 3)
vertical cup-to-disc ratios of at least 0.8 in both eyes. Elevated intraocular pressure (IOP)
was not a feature of our case definition. Additionally controls were excluded if there was
documentation of IOP > 22 mm Hg in either eye and if the vCDR was greater than 0.6 in
either eye or if there was CDR asymmetry of more than 0.2. Unaffected individuals with a
known primary family history of glaucoma (first degree relatives) were excluded as controls.

NEIGHBOR consortium participating sites
Duke—Cases and controls were examined by Dr. Allingham or one of the other faculty
members in the glaucoma service in the Duke Eye Center. For this study, Caucasian patients
from the Southeastern US have been collected. An additional set of controls was selected
from 7500 subjects who had undergone cardiac catheterization at Duke Medical Center and
who are part of the CATHGEN study (23) with blood samples collected at the time of
catheterization. Included in the CATHGEN study are 1496 individuals who have been
examined at the Duke Eye Center and controls were selected from this group. Additionally,
182 individuals of Mexican descent from the Nogales region of Northern Mexico were
enrolled as part of the Duke dataset.

Johns Hopkins—Cases were identified by ophthalmologists from the Johns Hopkins
glaucoma service. Controls were individuals that were also identified as controls for genetic
studies of age-related macular degeneration, and included a group characterized in nursing
homes located in the Baltimore area.

Marshfield—Cases and controls were drawn from the Marshfield eMERGE dataset, who
were part of the eMERGE consortium. The eMERGE (the Electronic MEdical Records and
Genomics) study was established by the National Human Genome Research Institute
(NHGRI) to develop, disseminate, and apply approaches to research that combine DNA
biorepositories with electronic medical record (EMR) systems for large-scale, high-
throughput genetic research (24). To be eligible for the eMERGE study, subjects in the
population-based Marshfield Clinic Personalized Medicine Research Project (PMRP) had to
be aged 50 and older and have had an ophthalmic examination in the previous five years. All
participants in the PMRP are patients at Marshfield Clinic. ICD-9 codes were used to search
the Marshfield Clinic electronic health record for diagnoses of glaucoma. These records
were then manually reviewed to confirm glaucoma diagnosis and to abstract IOP, CDR and
visual field data. The records of controls were similarly reviewed to confirm control status.

Miami—Cases and controls were identified from the glaucoma clinic and general
ophthalmology clinics at Bascom Palmer Eye Institute by Drs. Lee and Budenz.
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Michigan—Cases and controls were identified from the Kellogg Eye Center clinics by Dr.
Moroi, Dr. Lichter, or another board certified glaucoma specialist. These subjects were
Caucasians who come primarily from the Great Lakes States and most reported western
European ancestry.

CIGTS—The Collaborative Initial Glaucoma Treatment Study (CIGTS) is a randomized,
controlled, multi-center clinical trial designed to determine whether patients with newly
diagnosed open-angle glaucoma (primary, pigmentary, or exfoliative) are managed better by
initial treatment with medications or by immediate filtration surgery (25). In this
geographically dispersed sample, 607 patients were recruited from 14 different clinical
centers around the United States. Blood samples were obtained from a total of 224 cases of
European descent diagnosed with primary open-angle glaucoma who otherwise met the
NEIGHBOR study criteria.

AGIS (Advanced Glaucoma Intervention study)—This study of advanced open-
angle glaucoma patients who have failed medical therapy was designed to compare two
treatment sequences: Argon laser trabeculoplasty (ALT) then Trabeculectomy then
Trabeculectomy (the ATT sequence) or Trabeculectomy-ALT-Trabeculectomy (the TAT
sequence) (26). In this geographically dispersed sample, 591 subjects were recruited from 11
clinical centers around the United States, of which 64 individuals of European descent had
supplied blood samples.

Pittsburgh—Cases and controls were selected from the UPMC Eye Center Glaucoma and
Comprehensive Ophthalmology Services by Dr. Wollstein. The glaucoma subjects were
examined by Dr. Schuman and other board certified glaucoma specialists, and controls were
recruited from the Comprehensive Ophthalmic Service. The majority of patients originated
from the Northeastern US or Midwestern US geographic area, and were of European
descent.

Stanford—Cases and controls were enrolled from the glaucoma and comprehensive
ophthalmology services. All study subjects were Caucasian, with the majority residing in
Northern California. All glaucoma patients were examined by Dr. Kuldev Singh and
controls were examined by other board-certified Stanford eye care providers.

UC San Diego—Cases included in the NEIGHBOR study were recruited from the
Hamilton Glaucoma Center (Drs. Weinreb and Medeiros). The controls were recruited from
the Comprehensive Ophthalmic Services at the UC San Diego Shiley Eye Center, and were
examined by Dr. Zhang or another board-certified ophthalmologist. The majority of patients
originated from the Southwestern US geographic area, and were of European descent.

West Virginia—Cases were identified by glaucoma specialists Drs. Charlton and Realini.
Control individuals were enrolled from the WVU Eye Institute comprehensive
ophthalmology clinics after examination by a board-certified ophthalmologist. The majority
of patients were of European decent, resided in West Virginia and had the unique feature of
representing the Appalachian population.

GLAUGEN Samples—Our planned genomic studies include a meta-analysis with 1000
cases and 1183 controls collected with harmonized case and controls definitions for the
GLAUGEN (Glaucoma genetics) study that is part of the GENEVA (GENEVA Genes
Environment Association Studies) project (22). The GLAUGEN study includes glaucoma
patients selected from two cohort studies and a clinic based case control sample: the Nurses’
Health Study (NHS), the Health Professionals’ Follow-up Study (HPFS); and the
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Massachusetts Eye and Ear Infirmary (MEEI) case control group. All participants are
Caucasian of European or Latino descent. In addition to clinical phenotype data, the cases
and controls from the NHS and HPFS have extensive environmental exposure data. The
cases from MEEI were examined by Drs. Wiggs, Pasquale or another board-certified
glaucoma specialist. Controls from MEEI were identified by a board-certified
ophthalmologist primarily from the Comprehensive Ophthalmology service. Cases from
NHS and HPFS were identified via 3-step process that has been previously described and
validated (6). Briefly we followed up on self-reported cases to determine if they met our
case definition predicated on the presence of reproducible visual loss consistent with nerve
fiber layer dropout on reliable visual fields. We required evidence that absence of secondary
causes of elevated IOP and secondary causes of visual field loss such as optic nerve drusen
were absent. Controls were matched to cases on gender, type of DNA sample (blood or
cheek cell), age, and whether they reported that they received an eye exam within the same
2-year period when cases were diagnosed. Additional information about the GLAUGEN
study can be found on the dbGaP website: (http://www.ncbi.nlm.nih.gov/gap?
term=GLAUGEN).

Collection of DNA
For the majority of individuals in this study DNA was purified from peripheral blood (Table
1), while in 9% percent, DNA was purified from buccal cells collected using the Swish and
Spit procedure (27), or from saliva (28). We previously performed a pilot study showing that
buccal cell samples represent a feasible source of DNA for the performance of high-
throughput genotyping (29). From blood DNA was isolated using Puregene (QIAGEN,
Valencia, CA), DNAzol (Invitrogen, Carlsbad, CA), and from buccal cells, the Purgene
Buccal Cell kit (QIAGEN, Valencia, CA, USA).

Power calculations
Power was calculated using the online program CaTS (30).

RESULTS
Collection of cases and controls

Reproducible visual field defects corresponding to glaucomatous nerve damage is the
centerpiece of our case definition. We selected the automated visual field for our case
definition because it is widely used among glaucoma practices in the United States and the
standardized protocols produce data that is readily harmonizable. While there was no
requirement for the type of perimetry performed, 93% of cases had full static threshold
visual field testing, and the majority of these were Humphrey visual field tests. We
developed a standardized methodology using a visual field review form for evaluating and
extracting visual field information across all of these visual field platforms. For individuals
with advanced glaucoma or other medical issues that prevented effective Humphrey testing,
Goldmann testing was used (81 cases). Additionally 98 cases (3.8%) did not have visual
fields available for collection, and these individuals were enrolled based on vCDR of >0.8 in
both eyes.

The NEIGHBOR consortium collected 2,517 POAG cases and 2,428 controls, and an
additional 1,000 cases and 1,183 controls were collected for the GLAUGEN study. The
cases and controls collected for both studies are Caucasians, mainly of European descent.
For the NEIGHBOR study, 53% of the cases and 54% of the controls are female with a
mean age of 66.4 years for the cases and 68 years for the controls (Table 1). In the
GLAUGEN study, 59% of the cases and 60% of the controls are female with a mean age of
63.6 years for the cases and 65.5 years for the controls (Table 1). For NEIGHBOR, 24% of
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the cases had a first degree family member affected by POAG, while 43% of the
GLAUGEN cases had a family history of disease involving a primary relative (Table 2).
Examination of the summary data reveals differences between the cases and controls that
may be both clinically and statistically significant. Any difference between cases and
controls that might confound the association between genetic polymorphisms and POAG
will be accounted for in multivariable models (described further below).

Clinical variables
In addition to the phenotype data defining the case and control status additional clinical
variables relevant to glaucoma has been collected for both the NEIGHBOR and GLAUGEN
studies (Tables 1 and 2). Information on case and control clinical features and additional
data collection by site is listed in Supplementary Tables 1 and 2.

IOP—Elevation of intraocular pressure (IOP) was not a criterion for case definition;
however we did record IOP information at enrollment for 94% of cases and 94% of controls
for NEIGHBOR and 85% of cases and 35% of controls for GLAUGEN. Among
NEIGHBOR cases, 67% had documentation of highest IOP prior to initiation of therapy, and
for 45% of cases these initial IOPs were greater than 21mmHg. All of the GLAUGEN cases
had information about highest IOP prior to initiation of therapy and of these 28% were
above 21 mmHg. Among the various sites, methods of IOP measurements varied, however
the majority of measurements were made with a Goldmann tonometer.

CCT—Central corneal thickness (CTT), an important factor influencing intraocular pressure
measurements and risk for POAG (31) was recorded for 36% of cases and 12% of controls
for NEIGHBOR and 32% of the cases and none of the controls for GLAUGEN. The mean
CCT for NEIGHBOR cases was 543.0 nm (standard deviation 40.9; range, 374–853) and for
GLAUGEN cases was 549.2 (standard deviation 37.1; range, 469–688). The mean CCT for
NEIGHBOR controls was 544.3 nm (standard deviation 44.9; range, 402–875).

Refractive error—Myopia has been suggested as a risk factor for POAG and myopic
individuals may have more severe disease (32). Refractive error, recorded as spherical
equivalence was available for 46% of NEIGHBOR cases and 53% of NEIGHBOR controls
as well as 47% of GLAUGEN cases and 31% of GLAUGEN controls. While we excluded
those with known high myopia (worse than 8D), we did not exclude participants when this
data was not available. NEIGHBOR cases had a mean spherical equivalence of −0.79
(standard deviation 2.41; range (−8.00 to +7.5) and GLAUGEN cases had a mean spherical
equivalence of −0.46 (standard deviation +2.32; range (−7.75 to +1.13). NEIGHBOR and
GLAUGEN controls had similar values for refractive error (Table 1).

Height, weight and BMI—Recent studies suggest that BMI (body mass index) may be
associated with POAG risk (33, 34). BMI, height and weight data were collected on 9% of
NEIGHBOR cases and 25% of NEIGHBOR controls. The mean BMI was 27.2 kg/mm2 for
the NEIGHBOR cases (standard deviation 5.3; range 17–51) and 27.4 kg/mm2 for the
NEIGHBOR controls (standard deviation 5.5; range 16–60). BMI, height and weight was
also collected for 51% of GLAUGEN cases and 82% of GLAUGEN controls. For
GLAUGEN the mean BMI for cases was 24.9 (3.72 standard deviation; range 17.4–48.1)
and for controls was 25.1 (3.60 standard deviation; range 16.6–50.3).

History of LTP and filtering surgery—Glaucoma therapy requiring laser
trabeculoplasty (LTP) or filtering surgery could be indicative of progressive severe disease,
although this may not always be the case since surgery may sometimes be elected by choice
rather than because of progression. This information is available for a limited number of
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NEIGHBOR and GLAUGEN cases (NEIGHBOR, 5% LTP; 7% filtering surgery;
GLAUGEN 28% LTP, 14.7% filtering surgery).

History of diabetes and hypertension—Systemic diagnosis of diabetes and
hypertension may influence POAG disease risk (35, 36). Of the NEIGHBOR subjects, 8%
of cases and 2% of controls had documentation of a diagnosis of diabetes, and 23% of cases
and 31% of controls had documentation of systemic hypertension. For GLAUGEN 11% of
cases and 42% of controls had information on diabetes and 43.8% of cases and 49.7% of
controls had information for hypertension.

History of smoking—Smoking exposure was available as ‘ever’ or ‘never’ for 37% of
NEIGHBOR cases and 68% of NEIGHBOR controls and 98.2% of GLAUGEN cases and
99.6% of GLAUGEN controls.

Systemic medication use—Information on the use of systemic beta-blockers, calcium
channel blockers and ACE inhibitors was available for a limited number of cases and
controls in both the NEIGHBOR and GLAUGEN studies.

Power and effect size
The power of a single-stage case control study using the NEIGHBOR data-set (n=2500) or
the combined NEIGHBOR-GLAUGEN data-set (n=3500) to detect an association between a
marker SNP (single nucleotide polymorphism) and POAG for a range of genetic relative
risks (RR), minor allele frequencies (MAF), and genetic models (fully dominant or additive)
is shown in Table 3. We calculated power for a marker using a specific type I error rate of
3.3×10−6. This does not control the experiment-wide type I error rate--the probability of
finding any false positive--at the .05 level, which is typically 5×10−8 (depending on the
number of SNPs analyzed) for genome-wide studies. However, as the goal of the genetic
association study is to identify promising candidates for further investigation, we will accept
an increased chance of false positives in return for more power to detect true positives (limit
false negatives) (37). For a type I error rate of 3.3×10−6 we expect approximately 1.65 false
positive results.

For the power calculation we assumed that each SNP is causative and that the disease
prevalence in a Caucasian population is 2% (38, 39). A strict interpretation of Hardy-
Weinberg distribution for a disease with prevalence of 2%, would indicate that the minor
allele frequencies (MAFs) for SNPs associated with POAG will be 0.15 or higher. For a
SNP with an MAF of 0.15 and the conservative dominant genetic model, we have a 75%
chance to detect an allele with a relative risk (RR) of 1.4 in the NEIGHBOR data-set alone
and in the combined data-set 59% power to detect an allele with 1.3 RR. For the additive
genetic model, which may more accurately reflect inheritance of a complex trait such as
POAG (considering multiple effects of multiple risk factors) there is more than a 50%
chance that a risk allele with a MAF of 0.15 and RR of 1.3 will be detected, and more than
an 85% chance of detecting a risk allele of 1.3 RR over a range of MAFs in the combined
data-set. Risk alleles for complex traits are typically common and the alleles we are seeking
could have MAFs of 0.30 – 0.40. For example, the complement factor H allele associated
with macular degeneration has a MAF of 0.40 in the Caucasian population (40). In the
NEIGHBOR data-set alone we have considerable power to detect POAG risk alleles with
MAF greater than 0.30, and in the combined data-set have power to detect risk alleles with
MAF of 0.3–0.4 over a broad range of effect sizes.
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GWAS study design
Considering the complex genetic architecture of POAG and the likelihood that we will need
to detect alleles of moderate relative risk we have designed our study to have maximal
power using the largest possible sample size. Harmonization with the GLAUGEN study will
make it possible to combine data-sets in a meta-analysis of over 3500 cases and 3500
controls.

Our design is to initially use the NEIGHBOR and GLAUGEN samples as independent
datasets allowing for inter-study confirmation of results. We will examine each set
independently, using a single-stage screening design and look for consistency across
datasets. However, the power to detect alleles of modest effect size is optimal when the data
is analyzed in the full combined dataset (Table 3). We expect that the combined analysis
will, in addition to replicated effects across both datasets, identify more modest effects that
will be worthy of additional study.

Prior to testing for association genotype data from both studies will be tested for quality
using the following quality control filters: exclusion of SNPs with missing rate ≥ 2%, > 1%
discordance in known duplicated samples, Hardy-Weinberg equilibrium P < 1×10−3 and
minor allele frequency < 0.01. We will also exclude samples based on gender
misidentification, unexpected duplicates and cryptic relatedness (IBD k>0.025).
Confounding differences in population substructure between cases and controls will be
evaluated by principle components analysis and corrected for by including selected
eigenvectors as co-variates in the following logistic regression model. Ethnicity outliers will
not be excluded from the analysis. To test for association, for each SNP, we will construct a
score test of the null hypothesis bg=0 from the logistic model (A): logit Pr[D] = a + bx X +
bg G. Here X is a vector of potential confounders (fixed for all markers), age, sex,
population stratification (eigen vectors and principle component analyses) DNA source,
study site and family history of glaucoma. G is a vector of dummy indicators for
heterozygote and homozygote minor allele genotypes, yielding a 2 degree of freedom (2df)
test that makes no assumptions about the disease model. This test provides a powerful test
for association across a range of (unknown) true dominance patterns (dominant, recessive,
etc.). The score test is asymptotically equivalent to the likelihood ratio test comparing the
full alternative model (A) to the constrained null model (N): logit Pr[D] = a + bx X, but has
the advantages of computational speed (iterative estimation of the nuisance parameters a, bx
and needs to be only performed once, under the null; after that the test statistic for each
marker is constructed using simple matrix algebra) and robustness to sparse data (e.g. small
numbers of homozygotes).

Data sharing
Individual genotype data will be available from the dbGaP website (http://
www.ncbi.nlm.nih.gov/gap). Aggregate and individual phenotype data for the clinical
variables in Tables 1 and 2 will also be included in the material contributed to dbGaP. Our
consortium plans to continue to extract phenotype data for the genotyped cases and controls
from existing medical records and other clinical data. The newly acquired clinical
information will be added to the NEIGHBOR heritable overall operational database (The
NEIGHBORHOOD). Data deposited in the NEIGHBORHOOD will be accessible through a
data usage plan maintained by the consortium.

DISCUSSION
Our collaborative consortium has collected clinical information and DNA on 2,517 POAG
cases and 2,428 controls. Initially we will perform a genome-wide association study to
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identify genes that contribute to POAG pathogenesis. The substantial collection of clinical
data relevant to glaucoma will facilitate future studies investigating specific gene-phenotype
correlations for affected individuals, although these studies will be limited to those subgroup
with relevant information. The NEIGHBOR consortium includes samples from two
landmark NEI-funded clinical trials (CIGTS, AGIS) investigating treatment outcomes. The
samples from these well-characterized cases with important longitudinal clinical data could
lead to the identification of genetic risk factors associated with progressive disease and
therapeutic response. Our case control definitions and genotyping platforms have been
harmonized with the collection of 1,000 cases and 1,183 controls that are part of the
GENEVA GLAUGEN study. Together we have created one of the largest POAG case
control data set currently available for genetic studies.

Over 800 GWAS completed for diseases with complex inheritance have provided important
insights that may also be applicable to the underlying genetic architecture of complex traits
such as POAG (41). The initial rationale for GWAS of common diseases was the ‘common
disease, common variant’ hypothesis, yet recent studies have shown that most common
variants actually confer modest changes in risk (10–50%), including the recently reported
association between POAG and the CAV1/CAV2 SNPs, and the TMCO1 and CDKN2BAS
SNPs (11, 12, 42). These findings suggest that the POAG genetic risk factors awaiting
discovery will have low to moderate relative risks and gene discovery will likely require
secondary analyses that can address the phenotypic heterogeneity as well as the underlying
molecular complexity.

Patients affected by POAG have a range of phenotypes that could result from varied disease
mechanisms. As a result, true gene associations accounting for specific aspects of the POAG
phenotype may be obscured when the data is analyzed in aggregate. One way to approach
this problem is to focus on ‘subphenotypes’, or ‘endophenotypes’ which define POAG
subgroups that are more phenotypically homogeneous. Quantitative endophenotypes can
also increase the power of the study and reduce misclassification. Genetic variants
contributing to several POAG-related quantitative endophenotpes have recently been
identified using quantitative trait analytical methods including optic nerve cup-to-disc ratio
(CDR), optic nerve size (43, 44) and CCT (45–47). Importantly, some variants associated
with structural optic nerve parameters have also been shown to be risk factors for POAG
(48, 49), providing support for this overall approach to POAG gene discovery. Clinical
information for several quantitative traits related to glaucoma are included in our dataset
including IOP, CCT and CDR.

Secondary analyses can define complex molecular interactions that predispose to disease
pathogenesis. Analysis for gene-gene and gene-environment interactions can identify
disease associations that are biologically more significant than single gene or environmental
risk factors. In previous studies we showed that an interaction between variants in the NOS3
gene and lifestyle choices such as postmenopausal hormone use (50) and cigarette smoking
(51) was significantly associated with POAG in women than either NOS3 variants or
hormone replacement alone. Similarly, a molecular pathway may have a greater contribution
to disease heritability than any individual gene in the pathway. For example, genetic variants
in an axon guidance pathway collectively predispose to Parkinson’s disease, even though
none of the individual variants had highly significant disease association (52). Another
successful example of the pathway approach comes from work in macular degeneration
showing that multiple complement factor genes, in addition to complement factor H, are
associated with the disease (53). Although the environmental exposure data is limited in the
current GLAUGEN-NEIGHBOR dataset, the additional data contributed to the
NEIGHBORHOOD (as described above) will support future secondary analysis of gene-
environment and gene-gene interactions including pathway studies.
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Our POAG genotype-phenotype dataset will also be used to validate genes that are
implicated in POAG by in vitro studies or in animal models. An attractive feature of this
approach is the potential for a more targeted analysis using a minimum number of tests,
which can increase the power of our dataset to detect alleles of smaller effect sizes.

The potential outcome of this study is the identification of genes that contribute to POAG
pathogenesis with the eventual goals of developing gene-based screening and therapeutics.
Even though the POAG genetic architecture is expected to consist of multiple risk alleles of
small to moderate effect size the realization of these goals remains possible. The discovery
of POAG-predisposing genetic variants could inform the development of novel therapies
targeting the underlying molecular events responsible for disease. Genetic risk factors with
small effect size can be successfully translated as therapeutic targets that can favorably
modify a disease process. An example is the PPARG gene associated with Type 2 diabetes
where a modest association of OR 1.2 has led to the development of novel therapies for
diabetes using PPARG agonists, an approach that has benefited millions of patients (54).
Testing for a panel of risk alleles of small to moderate effect can effectively identify
individuals with increased disease risk. Emerging studies suggest that the aggregate
mutation load created by contributions from multiple risk factors may be a useful metric for
establishing an overall risk assessment in disorders with complex inheritance such as POAG
(55, 56). Although the development of clinically useful gene-based screening tests and
therapies will require additional research, the discovery of POAG genetic risk factors is the
critical first step toward the overall goal of preventing vision loss from this common
blinding disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Table 1

Features of Cases and Controls for the NEIGHBOR and GLAUGEN Studies

NEIGHBOR GLAUGEN

Cases Controls Cases Controls

Number 2517 2428 1000 1003

Gender (% Female) 53 55 59 60

DNA source 92% blood 8%
buccal

96% blood
4% buccal

50% blood
50% buccal

36% blood
64% buccal

Age 66.4 ± 13.5
(35–107)

68.1 ± 11.6
(36–97)

63.6 + 9.8
(40–87)

65.5 + 9.2
(40–91)

IOP (mmHg) 16.2 ± 6.4
(1–52)
N= 2365

14.6 ± 2.8
(4–21)
N= 2282

19.1 + 6.0
(5–45)
N= 844

15.1 + 2.5
(9–21)
N= 350

vCDR 0.76 ± 0.18
(0.1–1.0)
N= 1961

0.31 ± 0.12
(0.1–0.6)
N= 2167

0.71 + 0.19
(0.1–1.00)
N= 965

0.30 + 0.11
(0.1–0.7)
N= 348

CCT 543.0 ± 40.9
(374–853)
N= 909

544.3 ± 44.9
(402–875)
N= 305

549.2 ± 37.1
(469–688)
N= 321

NA

Refractive error (D)
(spherical equivalent)

−0.79 ± 2.41
(−8.00, +7.50)
N= 1156

−0.21 ± 2.22
(−7.75, +8.00)
N= 1311

−0.46 + 2.32
(−7.75, +1.13)
N= 470

−0.47 ± 2.15
(−6.75,6.87)
N= 308

Height (cm) 167.1 ± 9.9
(149–198)
N= 221

167.6 ± 9.8
(145–198)
N= 572

169.2 + 9.7
(147–198)
N= 509

166.6 + 9.4
(150–211)
N= 832

Weight (kg) 76.0 ± 18.5
(45–170)
N= 220

78.2 ± 18.8
(41–167)
N= 572

71.5 + 14.1
(44–156)
N= 508

72.3 + 13.2
(44–133)
N= 826

BMI 27.2 ± 5.3
(17.0–51.0)
N= 220

27.4 ± 5.5
(16.0–60.0)
N= 567

24.9 + 3.72
(17.4–48.1)
N= 508

25.1 + 3.60
(16.6–50.3)
N= 826

All data is the value obtained at study enrollment. Gender, DNA source and age are available for 100% of cases and controls for both the
NEIGHBOR and GLAUGEN studies. For features that are not available on all cases and controls, the number of cases of controls with data for that
feature (N) are listed below the mean, standard deviation and range. Abbreviations: IOP, intraocular pressure; vCDR, vertical cup-to-disc ratio; D,
Diopters; BMI, body mass index.
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