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The U.S. surgeon general has recently launched a campaign
to promote the awareness of the medical value of family
history. Further attention should be paid to familial aggre-
gation. Accordingly, we suggest that primary open-angle
glaucoma (POAG) be classified into inherited, familial and
sporadic categories. The three classes of POAG differ not
only in inheritance pattern and familial aggregation but also
in methodology and outcome of gene mapping. lnherited
POAG follows Mendelian inheritance and has been linked to
seven chromosomal loci to date by linkage analysis. Familial
POAG does not show a clear pattern of Mendelian inheri-
tance and is typically studied by sib-pair analysis and family-
based association analysis, although the results often require
replication in multiple samples. Interestingly, many sporadic
POAG cases carry known POAG-causing mutations, sug-
gesting genetic predisposition as well. Based on published
data, we estimated that inherited and familial POAG cases
may account for approximately 72% of all POAG cases. We
further formulated a mathematic model to estimate disease
prevalence and mutation frequency taking both ethnic
background and familial aggregation into consideration.
Conclusion: POAG appears to be mainly caused by genetic
predisposition in interaction with other risk factors such as
age. The suggested classification of POAG may serve as a
useful guide in clinical practice and genetic studies where
ethnic background and familial aggregation must be taken
into consideration.
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INTRODUCTION
O pen-angle glaucoma is classified as primary

open-angle glaucoma (POAG) when the etiology
is unknown." 2 However, recent progress in molec-

ular genetics has demonstrated that POAG can be caused
by numerous gene mutations in various chromosomal
loci.3 Thus the current definition of POAG is outdated,
and the disease should be redefined and reclassified.

Previous studies have shown that 34% of POAG pa-
tients or suspects had a positive family history.4 The actu-
al percentage ofPOAG patients with affected relative(s)
could be higher because 50% of individuals with POAG
are unaware of their clinical status.56 Consistent with
the above notion, a much higher percentage (56%) of
probands with POAG have affected relatives whose dis-
ease status is determined by clinical examination rather
than by family history alone.7 These facts suggest that
POAG has a strong genetic component. Family histo-
ry is important clinically because the risk for POAG
among first-degree relatives of a POAG patient is 7-10
times higher than that of the general population,89 and
surveillance targeting these individuals is indicated for
early detection and treatment ofPOAG. Genetically, the
presence or absence of a family history may represent
distinct underlying causes, which is a very important
piece of information for study design in the search for
POAG-causing mutations. However, health profession-
als as well as patients tend to underestimate the value of
family history.'0 For this reason, the U.S. surgeon gen-
eral has suggested that Thanksgiving Day be National
Family History Day as part of a campaign to promote
the awareness of the medical value of family history, to
facilitate data collection and to increase "genetic litera-
cy."'0 We wonder whether the community of glaucoma
researchers and clinicians has fully explored informa-
tion from family history and has adequately taken the
degree of familial aggregation of POAG into consider-
ation in data collection, management and analysis. As
the first step in response to these questions, we propose
to classify POAG into three categories according to the
degree of familial aggregation. The potential impact of
the suggested classification on methodology and out-
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come of genetic studies is examined.
Ethnic background is also an important piece of in-

formation in clinical practice and genetic research. In
the estimation of disease prevalence and mutation fre-
quency, ethnicity and familial aggregation are often
ignored, resulting in incorrect conclusions. For exam-
ple, previous studies showed that the frequency of mu-
tations in the myocilin gene (MYOC) in probands with
POAG was similar among Caucasians, African Ameri-
cans and Asians." It was thus concluded that the high-
er prevalence of POAG in African Americans was not
due to a higher frequency of MYOC mutations in their
general population."I In a recent study,3we showed that
the similar frequency ofMYOC mutations between Afri-
can-American and Caucasian probands suggests higher
frequency ofMYOC mutations in the African-American
general population because their prevalence ofPOAG is
higher than that of Caucasians.3 In this article, we for-
mulate a mathematical model for estimating the disease
prevalence and mutation frequency taking into account
both ethnic background and familial aggregation.

Classification of POAG
Although the terms "familial",7'2'3 "hereditary"7 or

"inherited"'4 POAG have been used in the literature,
there has been no clear definition. According to the
schemes for classification of other diseases such as can-
cer,'5'7 we suggest that POAG be classified into inherit-
ed, familial and sporadic categories. Inherited POAG is
defined when .3 relatives inclusive of the proband (in-
dex case) are documented with POAG in .2 consecutive
generations, one ofwhich must be a first-degree relative
of the other two. Familial POAG involves .2 first- and/
or second-degree relatives and does not meet the crite-
ria for inherited POAG. Sporadic POAG involves a sin-
gle patient without affected first- or second-degree rela-
tives. The three classes of POAG appear to be distinct
not only in inheritance pattern and the degree of famil-
ial aggregation but also in methodology and outcome in
mapping POAG genes as discussed below.

Inherited POAG
Inherited POAG exhibits strong evidence of Mende-

lian inheritance. To date, POAG has been linked to seven

chromosomal loci (Table 1)18-25 through studies on fami-
lies with inherited POAG only. Six of the loci have been
mapped in studies on single large pedigrees (8-22 af-
fected members each), and one on multiple kindreds (3-
7 affected members in each of the six kindreds involv-
ing .2 consecutive generations).18-25 Notably, the disease
in all the kindreds met the definition of inherited POAG
in all these studies. One important lesson is that identi-
fying kindreds with a large number ofmembers with in-
herited POAG may pave the road to success.

Familial POAG
There are several reasons for differentiating familial

from inherited POAG, although both are characterized
by a positive family history. Firstly, evidence for Men-
delian inheritance in familial POAG is not as strong as
in inherited POAG.26 For example, a conclusion ofMen-
delian inheritance would be doubtful based on two af-
fected sibs without an affected parent. Secondly, study
designs often differ (e.g., sib-pair analysis and family-
based association studies as opposed to parametric link-
age analysis). Duggal et al.26 recently mapped intraocu-
lar pressure to a chromosomal region through sib-pair
analysis of familial POAG. However, results from such
studies often require confirmation in multiple samples.27
Thirdly, the smaller number of affected members in fa-
milial POAG may represent reduced penetrance, which
may suggest a genetic basis (mutations and genes in-
volved) different from that of inherited POAG.3

It should be noted that in addition to potentially re-
duced penetrance, the smaller number of affected mem-
bers in familial as opposed to inherited POAG may be
due to: 1) smaller family size, 2) unawareness of affect-
ed relatives or 3) age below the typical age of onset in
many members of a kindred. Longitudinal studies are
warranted to determine the influence of these factors on
the classification of POAG, and whether a considerable
proportion of familial POAG cases in fact have inherit-
ed POAG.7 Such longitudinal studies might be facilitat-
ed as more family records are expected to be available
in the future in response to the U.S. surgeon general's
initiative.'0 The discoveries of the seven loci linked to
POAG have been the results of persistent collection and
expansion of familial data over a long period of time.

Table 1. The number of affected members with which linkage Is established
Number of Affected Maximal LOD Number of

Linked Loci Members with POAG Score Pedigrees References
GLCIA 22 6.50 1 18. Sheffield et al.
GLCOB 24 6.48 6 19. Stoilova et al.
GLCOC 10 3.88 1 20. Wirtz et al.
GLCID 8 3.61 1 21.Trifanetal.
GLClE 15 10.00 1 22. Sarfarazi et al.
GLCOF 10 4.06 1 23. Wirtz et al.
GLC1G 7 N/A 1 24. Monemi et al.
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Thus, a diagnosis of familial (even sporadic) POAG
may be transitory. As familial data (pedigrees) are ex-
panded and the degree of familial aggregation in a given
kindred becomes clearer over time, the initial diagnosis
may be adjusted.

Sporadic POAG
If sporadic cases are mainly due to low penetrance

rather than smaller family size, unawareness of affected
relatives, younger age of family members or undefined
environmental exposure, then the putative mutations fall
into the susceptibility (or modifier) gene category. Al-
though genetic effects of susceptibility genes are typi-
cally weak, their impacts might be large affecting a large
proportion ofPOAG cases. As a result, research on sus-
ceptibility genes has been a very active area, and ge-
netic association (linkage disequilibrium) studies are
more powerful in mapping such genes.2829 Interestingly,
many sporadic POAG cases carry known POAG-caus-
ing mutations,30-33 suggesting genetic predisposition as
well. Many POAG cases that were initially considered as
sporadic were subsequently proven to be familial or in-
herited.7""34 This underlines the significance of the U.S.
surgeon general's initiative.'0 Further investigation is
needed to determine the proportion of sporadic POAG
cases that are really sporadic by clinical examination of
first- and second-degree relatives for potential POAG.7

It appears that POAG is a class ofopen-angle glau-
coma mainly caused by genetic predisposition in inter-
action with risk factors such as age in the absence of
other known causes.

Pooling of Inherited POAG Families
in Linkage Analysis

Linkage analysis of a single pedigree with a large
number of affected members is most powerful and has
proven to be highly successful in gene mapping.'8-25
However, a single pedigree is often too small to achieve
sufficient power. Thus, one tends to include a large num-
ber ofunrelated individuals and/or families with sporad-
ic, familial and inherited POAG for gene mapping.35'36
However, such studies often do not yield reproducible
results.2735'36 Interestingly, linkage analysis appears to be

successful when pooling only inherited POAG families
that have shown linkage to the same locus.'4"9 Caution
should be taken with this approach since alleles across
the genome may show "cosegregation" with the dis-
ease by chance alone in different families with inherited
POAG. Those loci mapped through multiple unrelated
kindreds will eventually be verified through single ex-
panded pedigrees.

Familial Aggregation and Ethnic
Background in the Estimation
of Disease Prevalence and
Mutation Frequency

In a previous publication,3 we proposed to estimate
the frequency (I) of POAG-causing mutations of a cer-
tain gene in the general population based on the mu-
tation frequency among probands with glaucoma (fG),
the prevalence of POAG (p), the average penetrance k
and a correction factor c. Here, we define c as the ef-
fect of familial aggregation and reformulate the previ-
ous equation:3

f=cpfG/k. (1)

In equation 1, k is uncertain and so is f. The pur-
pose of estimatingf is to assess the contribution of gene
mutations to the disease prevalence. Thus the expressed
frequency (fE) would be more informative, which is the
frequency ofmutations in a gene of interest that have ac-
tually caused POAG in the general population where

fE=J7. (2)

Sincef=cpfc,k in equation (1), we obtain

fE=cpfG * (3)

The two variables (fand k) with uncertain values are
eliminated, while both p and fG are known from pub-
lished data.3fE can be calculated if c can be determined,
which is related to the clustering nature (familial aggre-
gation) of POAG. Suppose that n families with POAG
are ascertained by random cluster sampling, where n1

Figure 1. Illustration of the effect of familial aggregation on the estimafion of the percentage of inherited/
familial versus sporadic POAG cases
In a population-based study, 100 POAG probands are ascertained with F@miiiai/inherin d POAG Sporadic POAG
POAG, of whom 56% have fomilialfinherIted POAG, and each family of
4 hos two members with POAG (grey boxes). Famillal/inherited POAG
cases are 56 x 2 = 1.1 2, whie ssporadic are 44. Based on equation 4. 1 U BEl E57 U C C0
familidl/inherted POACQ casesaccount for?112/156 = 72%ofaNPOAG 2 * *. o se B )C. o
coses under survey..If eoch;fomily had three affected.members then
the percentage would be 79%.
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families carry POAG-causing mutations in the gene of
interest, while n2 families do not carry any such muta-
tions. Let a1 and a2be the average number of affected in-
dividuals per family with and without the mutations, re-
spectively. Then, the frequency of the mutations among
POAG probands is fG=nl/n, while the frequency of the
mutations among all POAG patients (fd) iS

fd= a1 n, (4)
alnl+a2n2

Substitutingfdfor cfGin equation (3) we get

fE= Pfd. (5)

Note that p varies depending on ethnic background
of the population studied.

Equation 4 can also be adopted to estimate the per-
centage of inherited/familial POAG cases with changes
in denotations, where al and a2 are the average numbers
of members per nuclear family with and without inher-
ited/familial POAG, respectively, whilefd is the percent-
age of inherited/familial POAG among all patients in a
population survey. Based on data ofWilliams-Lyn et al.7
(56% ofthe probands have familial or inherited POAG),
we estimate that approximately 72% of all POAG cases
are predicted to have familial or inherited POAG (Fig-
ure 1) in the population studied.7 The 95% confidence
interval of the percentage can be calculated with real
data.7 Thus, POAG has a strong genetic component with
a large proportion of inherited and familial cases.

Other Potential Benefits from the
Classification of POAG

We may benefit from the classification of POAG in
several aspects in addition to its usefulness in guiding
genetic studies. First, it would promote the awareness
and the importance of family history among clinicians
and patients, because clinicians with the classification in
mind will be more likely to ask for family history and to
suggest clinical examination of first-degree relatives of
a POAG patient, and the relatives would be more aware
of their higher risks. In addition, it will facilitate data
collection and analysis since the classification would be
readily available in patients' medical records. This could
be potentially important as the database becomes larg-
er. Clinicians will play a crucial role in genetic stud-
ies in the future. Finally, it will enhance "genetic litera-
cy."'" We expect that "mutation genealogy" (the lineage
with the mutation) will be established in the near future
among families with a POAG-causing mutation when
the costs of sequencing and genotyping become afford-
able. To assure cost-effectiveness, members in the mu-
tation lineage of a POAG pedigree (i.e., first-degree
relatives of mutation carriers) would be candidates for

mutation testing and undergo more frequent and earli-
er surveillance while those in the nonmutation lineage
would follow the guidelines for the general population.
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