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Chapter 1

Introduction

1.1 General Remarks

The present study can be broadly classified in the area of genetic epidemiology,
which is conventionally defined as “a science that deals with the aetiology,
distribution, and control of disease in groups of relatives and with inherited
causes of disease in populations” (Morton 1982, 1993). One of the major goals
of genetic epidemiology is the study of the nature and extent of clustering of a
disease in families and in defined ethnic groups. The study of a disorder within

the genetic epidemiological framework is performed by testing :

(1) whether the disorder clusters in families?

(2) whether observed familiality is caused by biologitally inherited suscepti-
bility factors or environmental exposure or culturally inherited risk fac-

tors?

(3) whether the genetic susceptibility factors are inherited in accordance with
a Speciﬁed model of inheritance?

It may be emphasized that familial aggregation, though a necessary condi-
tion, is not a sufficient one to establish that a disorder is genetic. This is be-
cause even a non-genetic, environmentally determined disorder can aggregate
in families due to common familial environmental factors, However, testing for
familial aggregation needs to be performed prior to any formal genetic analy-

sis. Several tests of familial aggregation have been proposed in the literature



(Chakraborty et al. 1980, 1984; Hill 1980; Thomson 1980; Majumder 1982).
Among these, the more widely used ones are designed to test whether :

a) prevalence of the disorder among relatives of an affected individual is higher
than the prevalence among relatives of a normal individual (relative risk);

b) prevalence of the disorder among relatives of an affected individual is higher
than the general population prevalence. Standardized mortality ratio (SMR)
is commonly used. If the SMR is significantly greater than unity, indicating
familial aggregation, then to examine whether the observed aggregation is due
to genetic factors, one proceeds to test whether affected members of a family
are significantly ‘closer’ — in the sense of kinship coefficient (Hill 1980) or some
other measure of biological distance (Chakraborty et al. 1980; Thomson 1980)
than a pair of randomly chosen affected individuals from the population;

c) age and gender specific correlation of the disorder between pairs of felated

affected individuals is significantly greater than zero (Chakraborty et al. 1984).

For many chronic disorders, an individual with a higher genetic risk often
has a lower age at onset. Thus, in a high-risk family one may not observe a
significant increase in the numdber of affected individuals, but an aggregation
of a few early-onset cases. To take this into account, Majumder (1982) and
Chakraborty et al. ( 1984) devised a test procedure to detect familial aggrega-

tion, designed broadly to detect excess prevalence of a disorder in a family.

If a disorder clusters in families more frequently than is expected by chance,
then determining the reason for familial clustering can contribute both to the
understanding of disease aetiology and to its control (King et al. 1984). There
are three mechanisms that may explain familiality :

(1) a gene or genes increasing susceptibility to disease may be biologically

inherited;

(2) behaviours or life styles increasing disease susceptibility may be culturally

inherited; or,



(3) related individuals may be exposed together to environmental disease

agents,

To discover the mode of inheritance of genetic susceptibility factors of a fa-

milial disorder, the usual approach is the fitting of Mendelian genetic models on

family data. It is crucial to determine whether one or a few genes can explain
a substantial fraction of the susceptibility, and if so to determine the mode(s)
of inheritance of the susceptibility gene(s). The goal of segregation analysis is
to determine how a susceptibility allele is inherited; whether it is X-linked or
autosomal, and whether it is dominant or recessive. This general endeavour is
known as ‘formal genetics’, a term introduced by Haldane in 1948. He defined
‘formal genetics of man’ as “the study of heredity and variation, based on de-
scription and counting of individuals .... enumeration of the results obtained
from various matings, and deductions drawn from such enumeration ....”. Fur-
ther, he stated that “the first step in formal genetics is to establish that certain
characters are inherited in accordance with Mendel’s laws, and in particular
that segregation occurs in Mendelian ratios .... The final aim, perhaps asymp-
totic, should be the enumeration and location of all the genes found in normal
human beings”. The methods of formal genetics do not distinguish between
disorders and other traits (Morton 1993).

Generally, for the purpose of estimating genetic and environmental contri-
butions to the aetiology of a disorder, two types of analyses are performed —
segregation analysis and variance components or path analysis. Although these
methods are complementary to each other, there are some differences between
these two methods. Segregation analysis generally pays greater attention to
the role of genes, especially of major genes contributing to the aetiology of
a disease {Elston and Stewart 1971), Path analysis, on the other haﬁd,_pays

equal emphasis to both genes and environment, but does not explicitly consider

major genes effects (Li 1975),
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Segregation analysis can be defined as the statistical methodology used in
the analysis of family data to determine the mode of inheritance of a particular
phenotype, especially with a viéew to uncovering Mendelian segregation at a
single locus (Elston 1993). A genetic disorder which has no environmental
contribution, usually expresses itself at birth and is determined by a completely

penetrant allele at a single autosomal biallelic locus, is generally termed as

simple Mendelian disorder. The common recognizable modes of inheritance
and criteria for a simple Mendelian pattern are as follows :

Autosomal dominant

(1) Transmission continues from generation to generation, without skipping
(2) Except for mutants, every affected child has an affected parent

(3) In marriage of an affected heterozygote to a normal homozygote, the

segregation probability is 1/2

(4) The two genders are affected in equal numbers.

Autosomal recessive
(1) If the trait is rare, parents and relatives, except siblings, are usually

normal
(2) All children of two affected parents are affected

(3) Ina marriage of two normal heterozygotes, the segregation probability is
1/4
(4) The two genders are affected in equal numbers

(5) If the trait is rare, the parental consanguinity is elevated.

Sezx-linked dominant
(1) Heterozygous mothers transmit to both genders in equal frequency with

a segregation probability of 1/2

(2) Hemizygous, affected males transmit the trait only to their daughters,

the segregation probabilities being 1 to daughters and 0 to sons
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(3) Except for mutants, every affected child has an affected parent

(4) If the trait is rare, its frequency in females is approximately twice as large
as in males.

Sex-linked recessive

(1) If the trait is rare, parents and relatives, except maternal uncles and other

male relatives in the female line, are usually normal

(2) Hemizygous, affected males do not transmit the trait to children of either

sex, but all their daughters are heterozygous carriers

(3) Heterozygous, carrier women are normal but transmit the trait to their
sons with a segregation probability of 1/2, and 1/2 of the daughters are

carriers

(4) Except for mutants, every male comes from a carrier female.

1.2 What is Complex Disorder

Genetics of many human disorders are, however, more complex in nature aﬁd
do not follow the simple patterns listed above. Such disorders exhibit consis-
tent and significant familial aggregation, and have a genetic component in their
aetiologies, but do not exhibit simple Mendelian patterns of inheritance. Often
no single pattern of inheritance can explain all observed types of aggregation
of such a disorder in families. For example, a complex disorder that shows a
high degree of familial aggregation but is not inherited in a simple Mendelian
fashion, may result from epistatic interactions of alleles at two or more loci.
Even when only two recessive loci epistatically interact in the pathogenesis of a
disorder, the vast majority of families ascertained through an affected proband
have no other affected member. For example, when the population prevalence

of a two—la@:us recessive disorder is 1/1000, about 78% of nuclear families and
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about 65% of three-generational extended families of the proband are simplex
(Majumder 1993). These figures increase to about 82% and 78%, respectively,
when the prevalence decreases to 1/10000. Segregation analysis of such a multi-
locus recessive disorder often results in incorrectly inferring that the disorder is
incompletely penetrant with a large proportion of sporadics (Majumder 1993).
Several studies (e.g., Vieland et al. 1992) have shown that for the purpose
of detecting linkage, misspecification of the two-locus model by a single-locus
mode!l does not affect the expected maximum lod-score substantially. How-
ever, model misspecification leads to loss of power of detecting linkage and to
biased estimates of the recombination fraction and other segregation param-
eters (Majumder 1989; Vieland et al. 1992; Rice et al. 1993; Dizier et al.
1993; Goldin and Weeks 1993). Neuman and Rice (1992) have also shown that
“no single-locus trait can fit the recurrence risks in relatives when the true
model of inheritance is oligogenic.” For a two-locus trait, Schork et al. (1993)
have also shown that two-trait-locus, two-marker-locus linkage analysis can
provide substantially more linkage information than standard one-trait-locus,
one-marker-locus analysis. Identification of the correct genetic model of a dis-
order by segregation analysis is, therefore, not only useful but is also necessary

for both genetic counselling and localization of genes.

1.3 Sources of Complexity

The complexity of a genetic disorder can arise in a variety of ways. For exam-
ple, a disorder may be determined by the joint action of genes and environment,
such as Insulin Dependent Diabetes Mellitus (IDDM). This disorder has a vari-
able age at onset. It aggregates in families, but does not segregate in a simple

Mendelian fashion from parents to offspring (Tiwari and Terasaki 1985; Thom-
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son 1988). There are also possible environmental effects or effects of other loci
(e.g., HLA) on the expression of this disorder. Although no claim is made that
the following list is mutually exclusive or exhaustive, some of the more common
causes of complexity of a disorder are :

(a) Variable age at onset — all individuals with the appropriate genotype
do not manifest the disorder either at birth or at the same age later in iife. The
classic example is Huntington’s disease, a degenerative disease of the nerve cells
in the basal ganglia (nucleus caudatus and putamen) leading to involuntary
extra pyramidal movements, personality changes, and a slow deterioration of
mental abilities. Wendt and Drohm (1972) showed that the age at onset ranges
from 6 years to 75+ years with the modal age at onset between 41-45 years.

(b) Reduced penetrance — some individuals with the appropriate geno-
type manifest the disorder while some others do not, Such reduced penetrance
may be due to random, stochastic factors or due to modification of the suscep-
tible genotype(s) by other gene(s) (Haldane 1941).

(c) Phenotypic heterogeneity — all individuals of same genotype do
not manifest the same phenotype. Phenotypic heterogeneity can, however, be
artifactual. For example, one of the difficult aspects of studying the genetics
of psychiatric disorders relates to phenotype definition. Because of the large
number of both major and minor psychiatric diagnoses, a primary problem
in conducting genetic studies of psychiatric disorders is knowing which ones
to include as affected, and which ones to exclude (Risch 1990). Inability to
define the phenotype homogeneously may give a false indication of phenotypic
heterogeneity.

(d) Allelic/genetic heterogeneity — different alleles either at the same
locus or at the different loci, give rise to the same phenotype. In classical terms,
the former type is known as intra-locus heterogeneity and the latter type is
known as inter-locus heterogeneity. An example of intra-locus heterogeneity is

cystic fibrosis (CF), a common hereditary disorder among Caucasians, which
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is due to a recessive mutant gene on chromosome 7. In the United States,
its frequency is 1/2000. Of all CF patients, 70% carry the same mutation, a
deletion of a specific codon that causes the CF protein to lack an amino acid
phenylalanine at amino acid position number 508. It is known as AF508 mu-
tation (Riordan 1989). Additionally, more than 300 mutations of the CF gene
have been reported. The phenotypic effects of some of these mutations can
be distinguished, while of some others seem indistinguishable, For example,
the M348K mutant allele, which is characterized by a T to A substitution at
nucleotide position 1175 in exon 7 of the CF gene leading to a methionine to
lysine amino acid substitution, is reported to have a phenotypic effect that is
indistinguishable from that of AF508 (Audrezet et al. 1993). Neurofibromato-
sis (NF), a neurological condition, can be cited as an example for which there is
inter-locus heterogeneity. NF can be of two types (Riccardi and Eichner 1986).
The most common form is the von Recklinghausen type (NF1), which is linked
to markers on chromosome 17 (Barker et al. 1987). The other rare form is
acoustic type (NF2), which is linked to markers on a different chromosome 22
(Seizinger et al. 1987).

(e) Involvement of multiple loci — disorder is determined by the joint
action of genes at more than one locus. The genetic mechanism for a specific
form of prelingual deafness may be cited as an example. This disorder manifests

itself only in individuals who are recessive homozygotes at two involved loci
(Majumder et al. 1989).

(f) Environmental influence — environment, together with genotype,
jointly influence the manifestation of the disorder. Coronary Heart Disease
(CHD) can be cited as an example. The contribution of genetic factors to the
development of CHD has been estimated (Slack and Evans 1966; Goldbourt.
and Neufeld 1986). From these studies it appears that there is no single gene
locus responsible for CHD. Rather, different environmental and genetic factors

jointly act and interact in a highiy complex fashion in the pathogenesis of CHD.
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1.4 Problems in the Analysis of Family Data

of a Complex Disorder

Methods of segregation analysis of family data are well established when the
disorder is primarily determined by alleles at a single locus (Emery 1976).
Suitable modifications have also been made to take into account incomplete
penetrance, variable age at onset, etc. However, when a disorder is not trans-

mitted in a simple Mendelian fashion, that is, when the observed segregation

probability /ratio (which is defined as the conditional probability of an affected
offspring given a parental mating type)} is vastly different from that expected
under a one-locus model, the disorder is usually described as ‘polygenic’ (mean-
ing that the disorder is determined by alleles, each with a small undetectable
effect, at a very large number of loci, which act additively to produce the disor-
der phenotype). Heritability of the disorder is then estimated. However, with
the identification of single genes in the so-called compiex disorders, the concept
of polygenic inheritance is now beginning to be challenged (Passarge 1993). A
recent example is Hirschsprung disease, a complex disorder hitherto considered
to be of polygenic origin. Patients with this disease suffer from severe consti-
pation and abdominal distension due to congenital megacolon. A gene for this
disease, which was traditionally assumed to be polygenic, has now been success-
fully localized to the pericentromeric region of the short arm of chromosome 10
(Angrist et al. 1993; Lyonnet et al. 1993). Thus, there is an increasing realisa-
tion and documentation of the fact that many, so called complex disorders may
really be due to effects genes at one or a small number of loci. Having rejected
the single-locus model of inheritance, no attempt is usually made to analyse the
data under multilocus models, assuming the involvement of a small number of
loci. This is because of the intrinsic problems associated with multilocus mod-

els. For example, under a single locus model, if the disorder is recessive, then
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in a family, ascertained through an affected child, if both parents are normal,
then both of them are obligate heterozygotes. This fact simplifies family data
analysis to a great extent, because in all such families, the segregation ratio is
1/4. Such simplicity vanishes even when two unlinked biallelic loci, with alleles
(A,a) and (B,b), are considered. In this case, each normal parent can be of
one of the genotypes AaBb, Aabb, aaBb. Thus, a Normal x Normal mating
type many be any one of the genotypic matings AaBb x AaBb; AaBb x Aabb;
AaBb x aaBb; Aabb x Aabb; Aabb x aaBb; aaBb x aaBb with segregation
ratios 1/16; 1/8; 1/8; 1/4; 1 /4; 1/4, respectively. This heterogeneity of mating
types and segregation ratios introduce considerable complexity in deriving the
likelihood function of a set of phenotypic observations on members of a family,
and in carrying out computations. Further, because of the small family sizes
of humans, low segregation ratios imply that in a large proportion of families
only one affected member (the proband) is usually observed. This, in turn, cre-
ates problems in data analysis because the members in these families appear
as sporadic (nongenetic) cases and/or the normal individuals mimic incom-
pletely penetrant cases. To avoid the confusion regarding whether the affected
individual in a single-case family is genetic (but, chance isolated) or sporadic,
it may be more practical to select multicase families. However, Chakravarti
(1993) has shown that even though such a selection procedure enriches for seg-
regatidn at a few loci, these segregants will be at multiple, independent loci.
This implies that there will be an intrinsic heterogeneity among such families
which will adversely affect linkage-mapping efforts. Variable age at onset adds
further complexity, because in this case an individual may be of the ‘affected

genotype’, but may not have expressed the disorder at the time of study.
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1.5 Development of Multilocus Models

A number of human disorders and congenital malformations show strong fa-
milial aggregation but do not conform to the expected recurrence risks in sibs,
or are not transmitted from parents to offspring in a simple, single locus,
Mendelian fashion. Various models have been proposed to describe the way
in which gene(s) affect the liability of individuals to a disorder. They range
from models of the effects of alleles at a single locus to multifactorial/polygenic
models representing the effects of genes at many loci and the effects of envi-
ronment. The multifactorial model, while descriptive, sheds very little light on
possible underlying biological mechanism, Thus, extending simple single locus
Mendelian models to more than one locus represents the next logical step for
exploring possible genetic mechanisms for diseases which show strong familial
aggregation. However, inherent in analyzing models based on two loci is the
“question of the biological and statistical aspects of interactions between alleles
at the different loci. Straight additivity is rarely a good assumption for any bio-
logical mechanism, while epistatic interaction represents a plausible mechanism

for many disorders.

To the best of our knowledge, the first two-locus model proposed for a hu-
man disorder — psoriasis, a dermatological disorder — was by Steinberg et al.
(1951). They performed a simple-minded analysis of data from various mating
types and concluded that recessive alleles at two unlinked, autosomal, biallelic
loci interacted in the manifestation of the disorder, and that individuals who
were recessive homozygotes at both loci were affected. Although psoriasis has

a variable age at onset, this fact was not rigorously incorporated in Steinberg

et al.’s (1951) analyses. Be that as it may, it is interesting to note that the
first suggestion of a two-locus model for a human disorder pertained to a der-

matological disorder, as is vitiligo — the disorder considered in the present
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study, and also that the first two-locus model proposed recessive homozygosity

at both loci, which is the primary model considered in the present study.

Li (1953) considered the two-locus recessive homozygosis model and derived
many useful theoretical results that included showing that Snyder’s ratios can
be generalized in a straightforward manner to multiple loci. These results are
useful for analysing nuclear family data for a disorder that is expressed at birth,
provided that families are ascertained randomly or through an affected parent.

Li (1987) provided further generalizations and results. Some of these results

are described in subsequent chapters of this thesis.

- Merry et al. (1979) performed a theoretical study of a two-locus model
for a familial disease. They considered two autosomal, linked, biallelic loci
and a selection scheme in which the double heterozygotes were assumed to be
most fit. They derived conditions for the existence of a stable equilibrium and
showed that it could be used to explain a wide range of disease frequencies
and patterns of inheritance. However, even though this study considered some
diseases with variable ages at onset, the theoretical investigations were carried

out without taking ages at onset into account.

A simple graphical method for testing two-locus models was proposed by

Greenberg (1981). The model assumes two alleles at each locus where both
loci exhibit dominance (DD-model), both exhibit recessivity (RR-model), or
one locus exhibits dominance and other exhibits recessivity (DR-model). This
method is based on two sets of contour graphs — one is the graph of popula-
tion segregation ratio, which can be viewed as Snyder’s ratio averaged over all
parental mating types, and other is the graph of population prevalence. Both
contour graphs are plotted at different values of the allele frequencies at the
two loci. The segregation ratio is calculated from the data; the one s.d. band
around this estimated value is called the allowed area. The allowed area of
the population prevalence graph is also similarly defined. If the allowed ar-

eas of the population prevalence and the population segregation ratio contours
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corresponding to a particular genetic model do not overlap, then the model is
rejected, since this implies that the gene frequencies corresponding to the pop-
ulation prevalence are inconsistent with those the population for segregation
ratio. If the allowed areas do overlap, the model is not rejected. Greenberg
(1981) also viewed the simple single locus Mendelian dominant and recessive
models as special cases of the more general two-locus models. As the allele
frequency at one of the two loci approaches unity, the two-locus model reduces
to a single-locus model.

The testing procedure described by the graphical representation is not a test
of significance or fit in the statistical sense. It is rather a test of the consistency
of the model with biological parameters, namely, the gene frequencies at the
two loci. If the gene frequencies predicted by the population segregation. ratio
and trait prevalence are non-overlapping, the model is obviously not consistent
with the observations. Further, this method can only be applied when a disease
is expressed at birth, but is inapplicable for diseases which show variable ages at
onset in their expression. Greenberg and Rotter (1981) applied this method to
data on coeliac disease and obtained a consistent fit to an epistatic, two-locus,
recessive model.

A maximum likelihood test of the two-locus model for coeliac disease was
subsequently developed by Greenberg and Lange (1982). They derived the
likelihood of a sibship given a model (RR or DR) as :

3 Mi(ast)*(1 — ost)ore(1 — m)le=o)

L(t, 7) =
) = = o 1 = mot) @D

where i indicates the i-th mating type (i = 1,2,...,81), M; = probability
of mating type i, t = parameter such that ¢ = 1 under the null hypothesis,
a; = segregation ratio for mating type ¢, m = ascertainment probability, a =
number of affected offspring, b = number of unaffected offspring, ¢ = number of
probands. The numerator of the likelihood equation represents the probability

of an ascertained sibship of size (a + b), and the denominator represents the
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nrobability of ascertaining such a sibship.

The proposed maximum likelihood test was exhaustively examined using
simulation techniques by Greenberg (1984). The power of this method to dis-
tinguish between single-locus and two-locus models, with and without environ-
mentally caused reduced penetrance, was tested. The effects of ascertainment
probability on the analysis and the proband-conditioned ascertainment correc-
tion proposed by Cannings and Thompson (1977) were also investigated. It
was shown that the method has sufficient power to distinguish between the
fully penetrant double recessive (RR) model and the fully penetrant single lo-
cus dominant and recessive models, The method can also distinguish fairly well

between the dominant-recessive (DR) and the RR models, even when popula-

tion prevalence is not taken into account. It was also found that this method
has much less power to distinguish between the fully penetrant RR model and
single-locus models with reduced penetrance. When environmental penetrance
is taken into account, then the power of the method to distinguish between one-
locus and two-locus models improved substantially. However, the estimates of
ascertainment probability, 7, were robust, regardless of the model under which
the data were generated. The Cannings-Thompson (1977) approach to ascer-
tainment correction worked well only when 7 was < 0.1. It must, however,
be noted that the method of Greenberg and Lange (1982) and the subsequent
inferences of Greenberg (1984) pertain to a disorder that is expressed at birth,

and are not directly applicable to a disorder with a variable age at onset.

Methods for segregation ar;alyses of data on ascertained families in respect
of multilocus recessive homozygosis models, have primarily been developed by
Majumder et al. (1988, 1989) and applied to vitiligo and prelingual deafness.
These methods developed are applicable to disorders which are expressed at
birth or which have variable ages at onset. Since these methods form the
starting point of the present study, they are described in detail in subsequent

chapters and suitably extended for use in the present study,
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Recently, Neuman and Rice (1992) have derived formulas for the recurrence

risk to various classes of relatives in terms of penetrances and gene frequencies

for two locus models.

1.6 Purpose of the Present Study

Disorders which are not inherited in a simple Mendelian fashion are generally
termed as complex disorders. Since a large number of complex disorders show
signiﬁcant‘.. familial aggregation but are not inherited in a clear-cut, single-locus
Mendelian fashion, exploration of models and methods for understanding the
genetics of such complex disorders is important. The complexity of a trait may
arise in a number of ways, some of which are mentioned earlier. It is, how-
ever, useful to investigate whether concrete multilocus genetic models provide
adequate fits to family data on such complex disorders because, among other
things, one can then make theoretical (probabilistic) risk predictions rather
than rely on empirical risk estimates. Further, if the estimated number of loci
is found to be small, it may not be too difficult to map all the component loci
"~ involved in the aetiology of such a complex disorder. But, available statistical
methods for the analyses of family data on such complex traits with a view to
finding the mode of inheritance and the number of major loci involved (segre-
gation analysis) are not very satisfactory. During the last few years, attempts
have been made to develop methods for the study of disorders that are de-
termined by the epistatic action of recessive alleles at multiple loci (Li 1987;
Majumder et al. 1988). The present study is an attempt to further explore
the population characteristics of such a disorder, to improve upon the meth-
ods of segregation analysis available for the study of such a disorder especially

when its onset age is variable, and to use these methods to cross-validate a

15



proposed model (Majumder et al. 1988) for a dermatological disorder — vi-
tiligo. Since the strategy of “double cross-validation” (Mosteller and Tukey
1977), that is, collection of new data and estimation of model parameters from
the fresh data, has been adopted in the present study, detailed descriptions
of pigmentation and vitiligo, methodology used for collection of new data and

results of epidemiological and genetic analyses are also presented. .

1.7 Structure and Main Findings of The
Thesis '

This thesis comprises six chapters. In the present chapter (Chapter 1) the
background and an introduction to this study have been provided. The na-
ture and some characteristic features of complex disorders, possible sources of
complexity, problems of genetic epidemiological analyses of data on complex
disorders, and development of multilocus models have also been discussed in
this chapter. Finally, an outline and purpose of the present study has been
given in this chapter. |

Chapter 2 presents an overview of pigmentation and vitiligo primarily to
provide biological justifications to the genetic models considered. This overview
includes descriptions of biochemistry and genetics of pigmentation, clinical
manifestations, prevalence and hypotheses regarding aetiology of vitiligo, and
findings of some animal models used in investigating the pathogenesis of this
disorder. Detailed descriptions about the data set on vitiligo used for cross-

validation are given in this chapter. Each family in this study was ascertained

through a single individual afflicted with vitiligo (the proband) and was chosen
from an unsorted list of all patients registered with the National Vitiligo Foun-

dation, Tyler, Texas, U.5.A. Data on 160 Caucasian families were collected.
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While data on all families have been used for epidemiological analyses, data on

only 147 families were used for genetic analyses because of missing information

on some key variables.

Chapter 3 deals with epidemiological analyses of the data. The prevalence
of vitiligo is & 0.5%. Using a non-parametric run test, it was found that the age
at onset distributions among affected males and females were not significantly
different. The mean (+ s.e.) ages at onset (in years) for affected males (n =
73) and females (n = 143) were 18.64 £1.63 and 24.19:-1.27, respectively. The
intra-class correlation in ages at onset of affected individuals within families
was found to be high (0.6). About 19% of probands had at least one affected
first-degree relative and about 31% of probands had at least one affected rel-

ative. Relative risks (RR) among various categories of relatives of probands
were found to be significantly greater than unity, which is an indication of sig-
nificant familial aggregation. For example, the BR (95% confidence interval of
RR) values for proband fathers was 7.20 (2.89-14.84), mothers was 7.16 (2.88-
14.76), brothers was 13.36 (5.77-26.82) and sisters was 11.68 (5.34-22,17). No
statistically significant effect of proband’s age at onset on relative risks was
detected. The effects of some alleged causal factors (e.g., parental ages at first
childbirth, stress, thyroid disorders, sun tanning, etc.) on the probability of
affection to vitiligo have been examined. However, no significant association of

vitiligo with any of these alleged factors was found.

Chapter 4 provides (i) descriptions of the multilocus models used, (ii) sta-
tistical evaluations of some characteristics of these models, (iii) derivations of
likelihood functions of data on different types of nuclear families, and (iv) some
comments on computations of likelihood functions. Two multilocus recessive
epistatic models have been considered. In both models, a set of unlinked,
biallelic loci have been considered. The first model (Model 1} postulates that
individuals who are homozygotes for recessive alleles at every one of these

loci are affected; individuals of other multilocus genotypes are normal. The
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second ‘mndel (Model II) postulates that individuals who are recessive homozy-
gotes at any one of these loci are affected; individuals of other genotypes are
normal. The first model was proposed earlier by Majumder ef al. (1988) for
vitilipo. In this study, model I is considered for cross-validation. The second
model is prompted by the present knowledge of pigmentary pathways. Some
relevant population, randomly mating and inbred, and sample characteristics
(e.g., population prevalence, types and proportions of various kinds of fami-
lies in population and in sample) when the disorder is expressed at birth have
been derived theoretically for model I, which is the central model of this study.
It was seen that prevalence sharply decreases as the number of loci increases.
The proportion of Normal x Norma! families increases with an increment in the
number of loci for a fixed prevalence; the proportions of Normal x Normal and
Normal x Affected families correspondingly decrease. For a fixed sibship size
and prevalence, the probability that a family contains only one affected child
monotonically increases with increase in the number of loci and correspond-
ingly, there is a monotonic decrease in the probability of a family containing a
larger number of affected children. While for the one-locus recessive model, the
probability distribution of affected children within a sibship depends only on
sibship size and not on prevalence, for multilocus recessive models this proba-
bility distribution also depends on prevalence. Likelihood functions of data on
various types of nuclear families have been derived for the following situations :
(i) the disorder is éxpressed at birth, and (ii) the disorder has a variable age at
onset. In both cases, appropriate corrections for biases due to non-random as-
certainment (e.g., a family is sampled through an affected parent or an affected

offspring) have been incorporated into the likelihood functions.

The results of segregation analysis of the nuclear family data are presented
in Chapter 5. Likelihood computations have been performed for varying num-
bers of loci. Model I was found to be vastly more likely than model II. {If only

a single locus is involved, then it can be analytically shown that any data will
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have the same likelihood value under both models I and II. For the two-locus
case, the observed odds in favour of model I was about 10°.] For model I it was
observed that the data were 10 times more likely (statistically significant) if
two loci are involved than if one locus is involved; about lOﬁlitim_Les more likely
(statistically significant) if three loci are involved; but only about 18 times
more likely (statistically non-significant) if four loci are involved. Therefore, it
was concluded that three epistatically interacting autosomal biallelic loci are
involved in the pathogenes“is of this disorder. The robustness of this inference
with respect to variations in prevalence and age-specific affection probabilities

has also been investigated. The inference was found to be robust and valid.

Chapter 6 deals with segregation analysis of the pedigree data (i.e., of
data on extended families of probands). Segregation analysis was performed
by using the Pedigree Analysis Package (PAP), revision 3.0 (Hasstedt 1989).
A non-genetic/sporadic model, three one-locus models [autosomal dominant,
recessive and general (allowing for incomplete penetrance and sporadic cases)]
and the two-locus recessive homozygosis model (Model 1) have been consid-
ered. Because of the enormous computational complexity and computer time
requirement, it was not possible to fit multilocus models involving more than
two loci. Because of this limitation, the present pedigree analysis only confirms
whether a multilocus model provides a better fit than a single-locus model, but
does not provide an estimate of the number of loci involvement. It was as-
sumed that an individual of a specific genotype and age will be affected if the
individual’s liability to the disorder exceeded a certain threshold. The data on
the 147 families were randomly split into two approximately equal subsets with
75 and 72 families, respectively. This was done for cross-checking of estimates
and for computational convenience. For each model, the likelihood function
was numerically maximized with respect to the parameters of the model. It
was found that the two-locus model provided a best fit to the data, although

the general one-locus model that allows for incomplete penetrance and sporadic
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case comes close. In spite of the fact that the general one-locus model provided
a significantly better fit to the data than the one-locus recessive model, the
general model turned out to be effectively a recessive model. The one-locus
dominant modei was clearly.rejected. The non-genetic model yielded an unac-
ceptably high estimate of prevalence. These results of segre.gatic-n analysis of
the pedigree data support that majoer conclusion derived from analysis of data
of nuclear families that recessive alleles at more than one locus are involved
in vitiligo. This study, therefore, provides significant evidence in favour of the
genetical model proposed earlier for vitiligo by Majumder et al. {1988).

The present thesis is a contribution to quantitative genetic analysis of fam-
ily data on the multilocus recessive disorders with variable ages at onset. It
provides some new statistical techniques, and cross-validates a model proposed
earlier for a pigmentary dermatological disorder known as vitiligo. The inferred
genetical model makes eminent biological sense. The implicated loci may be
viewed as controls of key points of the pigmentary pathways, and recessive ho-
mozygosis at any of these loci may be viewed as complete disruption or blockage
at the corresponding point. If one or two of these control points are blocked
then bypass routes in the pigmentary pathways are poséibly used and there
is no precipitation of disorder state. However, if a greater number of control
points are blocked, then possibly there is failure of the entire pathway because
of non-availability of further bypass routes, which results in a disruption of
the end prodﬁct. or process and consequently in the clinical manifestation of

vitiligo.
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Chapter 2

Pigmentation, Vitiligo and the
Present Data Set

2.1 Biochemistry and Genetics of

Pigmentation

Almost all eukaryotic forms of life, animals or plants have a pigmentary system
that seems essential for survival, either to capture the energy of the sun to
protect against the sun’s toxicity or to allure the opposite sex. The pigmentary
system is essential for the proper development and function of many organ
systems like the skin, eyes, hairs and ears. Its functions are regulated by a
large number of genes. Progress in understanding the anatomy, biochemistry,
physiology and embryology of pigment cells in subhuman primates and other
vertebrate species has provided a basis for understanding the genetic regulation
of the human pigmentary system and its disorders. |

The human pigmentary system develops during the first two months of
embryogenesis. Cells, within the neuroectodermal analage differentiate into
melanoblasts that migrate to the epidermis, the eyes, ears, gastrointestinal tract
and leptomerings. By 8 to 10 weeks of gestation, pigment cells reach the epider-
mis and begin to mature into melanocytes capable of producing melanosomes
and synthesizing melanin. In the eyes, the melanoblasts form the choroid which

lies below the cornea. Just below the choroid layer, another kind of pigment.
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system' develops which includes the iris and ciliary body and is known as pig-

ment epithelium. In the middle and inner ear, the pigment cells are essential

for the development of the cochlea, stria vascularis and organ of corti.

Within the melanocyte, pigment is synthesized and deposited on special-
ized membrane bound cytoplasmic organalles called melanosomes (Seiji et al.
1973; Moyer 1966). Melanosomes are membrane bound particles containing
an internal matrix (Breathnach at al. 1966) on which the enzyme tyrosinase
attaches. The copper-containing enzyme tyrosinase is synthesized in the endo-
plasmic reticulum, contained in the golgi and transferred to the melanosome
matrix (Maul 1969; Maul and Brumbaugh 1971).

Within the melanosome the enzymatic conversion of the amino acid ty-
rosine to melanin is catalysed by tyrosinase as the initial critical step in the
formation of both brown-black pigments, i.e., eumelanin and red-yellow pig-
ments, 7.e., pheomelanin. Melanin is formed by the polymerization of indole-
5,6-quinone, which originates from tyrosine through the action of tyrosinase,
via 3,4-dihydroxyphenylalanine (dopa) through other intermediate stages of de-
carboxilation and oxidation. In man, tyrosine serves as the precursor substance

of melanin.

Disorders of pigmentation in humans may result from abnormalities at each
of the various steps in melanogenesis. While just over a decade ago, the bio-
chemical and molecular picture of melanogenesis was relatively straightforward,
recent advances in pigmentation research have revealed many “melanogenic fac-
tors” which influence the quality and/or quantity of melanin produced. Sev-
eral genes encoding such melanogenic factors have been identified (Hearing and
Tsukamoto 1991; Hearing 1993). Further, melanocytes being migratory cells,
must migrate appropriately for normal pigmentation. Even after appropriate
migration, pigmentary probléms can and do arise at the tissue level {(Quevado et
al. 1987, Wick et al. 1987). In fact, vitiligo is a disorder in which melanocytes

seem to be properly produced and distributed in tissues, but are rendered
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nonfunctional later (perhaps because of melanocyte destruction), leading to
hypopigmentary patches that tend to become progressive over time (Mosher et
al. 1979).

Hypopigmentation is also consistently observed in Waardenburg syndrome,
Prader-Willi syndrome, Angelman syndrome and in piebaldism. Mutations
at specific loci have been found to be associated with the murine analogues
of these phenotypes (Hearing 1993). In the mouse, more than 150 different
pigment mutations have been identified; these map to 60 distinct genetic loci
(Silvers 1979). Mammalian pigmentation is regulated at many different devel-
‘opmental and cellular levels and is influenced by many genes, either directly or
indirectly. Obviously, therefore, there are multiple points at which the process
of normal pigmentation can be disturbed. If these points are under genetic
control, then it is likely that multiple genetic loci responsible for the patho-
genesis of a pigmentary disorder. Alleles at all of these loci may act jointly
or the presence of particular alleles at a subset of these loci may suffice in the

abnormal phenotypic manifestation.

2.2 Vitiligo

2.2.1 Clinical manifestations

Vitiligo is an idiopathic hypomelanosistic dermatological disorder that is char-
acterised by pale, milk white macules that tend to become progressive over time
(Mosher et al. 1979). It is highly variable in its manifestations. The lesions
may range in size from a single, small circumscribed area of depigmentation to
‘complete’ vitiligo in which virtually the entire body is involved. Commonly
there are multiple patches which may or may not be symmetrical or segmental
in distribution (Kugelman and Lerner 1961) Depigmentation may be partial
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or comi)lete. The exposed areas are usually involved, but the lesions may ap-
pear anywhere on the body surface, even on the hair. Vitiligo may begin at
any age. Onset of the disease has sometimes been reported to follow physical
or emotional trauma. Some patients have co-existent organic or emotional ill-
ness. An increased prevalence of vitiligo in patients with pernicious anaemia,
and a number of diseases allegedly of autoimmune aetiology, including diabetes
mellitus, halo nevi, thyroid disease, Addison’s disease, etc. has been reported
(Lerner 1959; Cunliffe et al. 1968; Dawber 1968; Bor et al. 1969; McGregor
et al. 1972). The most important disease with which vitiligo is associated is

melanoma. Among patients with melanomas, 20% have vitiligo (Lerner and
Nordlund 1978).

2.2.2 Prevalence

Although universal in occurrence, the prevalence of vitiligo varies considerably
among different regions and ethnic groups. Primarily on the basis of clinical
records of hospitals and skin clinics, the prevalence is estimated to be ~ 1%
in Egypt, ~ 0.39% in Switzerland, ~ 0.14% in Russia,. ~ 0.24% in London,
~ 1.64% in Japan, and ~ 1% in United States (Lerner 1959; El-Mofty 1968;).
On the basis of population surveys, in the Isle of Bornholm in Denmark the
prevalence is estimated to be ~ 0.38% (Howitz et al. 1977), in western India
the prevalence varies from near absence to ~ 3.6% among different communities
(Mehta et al, 1973) and in Calcutta, eastern India the prevalence is estimated
to be ~ 0.46% (Das et al. 1985a). The estimates based on hospital records are
obviously biased upwardly. To the best of our knowledge no population based
estimate is available from the USA. Prevalence of vitiligo varies significantly
with age; age—Speciﬁc'prevalences between genders are not significantly different

(Das et al. 1985a). The age at onset of vitiligo is variable. The mean age at

onset of vitiligo among male probands was 38.7 + 19.5 years and among female

24



probands was 36.7 &+ 18.9 years in Denmark (Howitz et al. 1977). But In
Calcutta, the mean age at onset for male and female probands, respectively,
were 24.77-+1.32 years and 19.284:1.18 years (Das et al. 1985a). It is seen from

both studies that the manifestation of vitiligo in women seems to be somewhat

earlier than in men, but the difference is not statistically significant. The modal
age at onset among probands was about 15 years, and by 30 years of age the

disorder manifested in about 75% of the cases regardless of family history (Das
et al. 1985a).

2.2.3 Hypotheses regarding aetiology

To date, there is no convincing theory for the aetiology of vitiligo. From the
clinical and experimental work on vitiligo, two reasonable hypotheses have
evolved. One is that a neurogenetic factor is involved and that a cytotoxic
agent is released close to or within the melanocyte, destroying the cell (Lerner
1959). Although this hypothesis was not a favoured one, in recent times it is
gaining attention. The main role of the melanocyte is thought to be trans-
formation of L-tyrosine into melanin in a precise and efficient way without
destruction of the melanocyte by the highly toxic reaction sequence, whereby
melanin acts as a scaveﬁger of free radicals and toxic intermediates of melano-
genesis. If melanin synthesis is inhibited, then the toxic products can destroy
the keratinocytes to which pigment granules (melanosomes) are transported
after melanogenesis. In mammals, there is a naturally occurring factor, mela-
tonin, which inhibits melanin synthesis without affecting tyrosinase activity.
It is, therefore, hypothesized (Slominski et al. 1989) that in vitiligo patients
there is an increased concentration of melanin caused by hyperproduction of
melatonin in the pineal gland or other extrapineal sites (e.g., gastrointestinal
tract). No experimental evidence in support of this hypothesis is yet avail-

able. A similar hypothesis involving anti-oxidant defence enzymes has been
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proposéd by Schallreuter et al. (1991). The second hypothesis is that vitiligo
is an autoimmune disorder (Cunliffe et al. 1968) resulting from the formation
of an anti-melanocyte autoantibody. The evidence supporting this hypothesis
is based mainly on the clinical association of vitiligo with a number of disorders
that are thought to be autoimmune (e.g., diabetes). Light and electron mi-
croscopy of vitiliginous skin has shown not only a striking lack of melanin but
also a considerable reduction in the population density of secretory and func-
tional melanocytes (Birbeck et al. 1961; Lerner and Nordlund 1978). More
recently, Cui et al, (1992) have shown that a higher proportion of patients
with vitiligo have circulating antibodies to pigment cells than normal controls.
However, these antibodies are non-specific in that they are directed to several
cell surface antigens, some of which preferentially expressed on pigment cells.
Ramaiah et al. (1989) have proposed a third hypothesis based on some cell
culture studies performed by them. They have found that levels of mitogenic
factors in sera of vitiligo patients are significantly lower than those found in

sera of normal individuals. They have hypothesized that depigmentation in

vitiligo results from a reduction of levels of growth factor(s), originating from
keratinocytes, fibroblasts and other tissues, which are necessary for normal
proliferation and maintenance of melanocytes. These findings are yet to be

confirmed.

2.2.4 Genetics

Positive family history and familial aggregation of vitiligo have been reported
for a long time (Cockayne 1933; Merelender and Rywlin 1940; Behl 1955; Levai
1958; Lerner 1959; Mehta et al. 1973; Goudie et al. 1980; Hafez et al. 1983;
Das et al. 1985a). |

Both members of two monozygotic twin pairs have also been found to be
affected (Mohr 1951; Siemens 1953). Vitiligo has been reported in children —
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both b{;ys and girls — below 12 years of age (Halder et al. 1987; Jaisankar
al. 1992). A genetic involvement is supported by observations on familial ag-
gregation of the disorder and is in concordance in monozygotic twins. The
mode of inheritance of the disorder is still debated. However, because of the
lack of systematic family studies, almost all conceivable modes of inheritance
have been proposed. Some believe that vitiligo is due to an incompletely pen-
etrant autosomal dominant gene (Cockayne 1933; Lerner 1959), while some
others claim that the disorder gene is autosomal recessive or that the disor-
der is polygenic/multifactorial in nature (Mehta et al, 1973; Carnevale et al.
1980). Hafez et al. (1983) studied families of 150 vitiligo patients. Their
data did not support either a single-locus autosomal dominant or an autoso-
mal recessive model, but a multifactorial model provided an adequate fit. They
treated vitiligo as a quantitative liability threshold trait (Falconer 1965). The
heritability of liability was estimated to be 72.4%. Their data also supported
Edward’s (1960) finding that the frequency of a multifactorial trait among rel-
atives approximates the square root of its frequency in the general population.
Hafez et al. (1983), however, did not take into account the variability of age at
onset of vitiligo. Therefore, their conclusions are to be accepted as tentative.
In a systematic study of 298 families conducted in Calcutta, India, Das et al.
(1985a) also assumed the polygenic liability threshold model for vitiligo. Their
assumption was based on the lack of consanguinity among parents of vitiligo

patients and the fact that recurrence risks were much lower than those expected

under single locus inheritance. They estimated the heritability of liability to
the disease to be 46.06%. |

Unfortunately, in vitiligo, as is true for most rare diseases that are not
determined by a single gene, the number of affected individuals in each family
is very small, even when it is ascertained through an affected proband. One of
the major problems in fitting of concrete genetic models is the lack of multiplex

families. Even among multiplex families, most families have only one affected
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relative of the proband. Li (1987) developed a concrete genetic model for a
rare recessive genetic trait, where he proposed that some traits or disorders
are determined by a particular combination of genes at a number of loci, thus
forming a gene ‘configuration’ or ‘constellation’. Absence of any one gene in
this configuration destroys the manifestation of the trait or disorder. Majumder
et al. (1988) investigated whether the model proposed by Li (1987) provided
an adequate fit to the vitiligo family data collected from Calcutta, India. Their
analysis, based on likelihood methods, showed that the multilocus recessive
model provided an adequate fit to the data., They proposed that recessive

alleles at four unlinked autosomal biallelic loci are involved in the pathogenesis

of vitiligo.

Evidence of association with some genetic loci can provide helpful clues
regarding the genetics of the disease. Earlier studies have indicated that among
vitiligo patients there is a significant excess of M blood group (Wasfi et al.
1980); G-6-PD deficient males (Saha et al. 1982); some HLA antigens, for
example, with HLA-DR4 (Foley et al. 1982; Dunston and Halder 1990}, HLA-
B13 (Metzker et al. 1980), HLA-DR1 (Poloy et al. 1991) and ACP1 and
Rh loci (Das et al. 1985b). Some specific HLA supratypes have also been
reported to be associated with early and late onset forms of vitiligo (Finco et
al. 1991). It has also been suggested, based on association study (Venneker
et al. 1992), that abnormalities of the C4B gene of the fourth (C4) human
complement system 'may be risk factors in vitiligo. Although such association
studies cannot provide as strong evidence as linkage studies, nevertheless, the
reported association of vitiligo with genetic markers on several chromosomes,

if true, may indicate the involvement of several loci.
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2.2.5 Animal models for vitiligo

Animal models provide an excellent tool for studying the biological aberra-
tions in human disorders (Lerner et al. 1986; Naughton et al. 1986; Boissy
and Lamoreux 1988). Rapid progress can be made in the :Lmderstanding of
a disorder that occurs in human beings when an experimental animal model
is available for study. Animal models can be classified into two types —(1)
induced, and (2) genetic. Induced animal models result from specific treat-
ments that cause a pathologic condition and can thus be used to evaluate the
biochemical responses to the causative agent. Genetic models, on the other
hand, are traditionally the result either of a spontaneous mutation, or of se-
lective breeding that brings together a group of genes that cause an aberrant
phenotype in a particular stock or breed of animals. Inbred strains are often
extremely advantageous in evaluating complex, genetically controlled physio-
logical systems because often there is only a single genetic difference between
the mutant animal and controlled animal. However, inbred strains can provide
false evidence of involvement of a single locus in a disorder when the disorder is
under multilocus control. This may happen because of genomic homozygosity

achieved by inbreeding over several generations.

It is now clear that probably all vertebrates with melanin pigmentation can
develop vitiligo. Animal models for vitiligo have been identified or developed
and are being analysed to understand the underlying mechanism involved in the
expression of vitiligo. Some well described animal lines are — (1) the Smyth
chicken (Smyth et al. 1981), (2) the vitiligo mouse (Lerner et al. 1986), (3)
the gray horse (Naughton et al. 1986) and (4) the Sinclair pig (Millikan et al.
1974; Hook et al. 1979).

- Smyth line chickens are phenotypically characterized by a posthatch de-
pigmentation of feathers. Vitiligo in Smyth chicken begins with an inherent

melanocyte defect which, during the pre-amelanotic stage, is manifested as
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an increase in the activity of tyrosinase and a modification of its intracellu-
lar distribution (Boissy et al. 1986). One of the prevalent hypotheses for
the aetiology of vitiligo in humans is the involvement of melanin precursors
(Lerner 1971) that have been demonstrated to be toxic to melanocytes (Wick
et al. 1977, Pawelek et al. 1980), and may selectively induce pigment cell
death when in excess. Results of preliminary experiments on cultured Smyth
melanocytes suggest that such a phenomenon may occur in this animal model.
Other direct evidence that treatment with immunosuppressive agents decreases
the incidence and severity of depigmentation suggests that the expression of vi-
tiligo in the Smyth chicken is related to an autoimmune response. Austin et al,
(1992) have detected circulating melanocyte-specific autoantibodies in the sera
of depigmented Smith chicks which are not present in sera from Light Brown
Leghorn control chicks. Cyclosporin-A administration, which inhibits the cel-
lular component of the immune system, suppresses the expression of amelanosis
(Pardue et al. 1987).

The C57BL/6~mi” /mi” (vitiligo) mouse, originally developed by Lerner
et al. (1986), is homozygous for an autosomal recessive gene. The vit (vitiligo)
gene has been mapped to the microphthalmia {mi) locus on mouse chromosome
6 (Lamoreux et al. 1992). Mice of this genotype are born with white spotting
and develop, beginning at about five weeks of age, loss of melanocytes from
the epidermis of the ears and tail and a selective cell mediated immune defi-
ciency to epicutaneous-administered allergens, This observation is consistent
with that observed in humans with vitiligo, who also exhibit loss of contact hy-
persensitivity (CHS), that appears to be associated with loss of pigment cells
from the epidermis {Amornsiripanitch et al. 1988). There does not appear to
be a significant immune component to the aetiology of vitiligo in this mouse
model. The absence of inflammatory cells during depigmentation and the in-
ability of Cyclosporin-A treatment to influence the expression of amelanosis,

supports this assumption. In the C57BL/6 — mi"™ /mi** mouse, depigmenta-
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tion seems to be transmitted as a simple autosomal recessive trait (Nordlund
1987). However, since there are highly inbred strains, such findings may not
reflect the true genetic basis of the disorder. Besides, work on the genetics of
pigmentation in the laboratory mouse have revealed the influence of about 70
genes at approximately 40 loci (Fitzpatrick and Quevedo 197'1; Quevedo et al.
1987).

The gray horse and the Sinclair pig may also support the genetic basis for
the causation of vitiligo (Gebhart et al. 1977, Naughton et al. 1986). So
it is clear from the animal models that the origin, spread, and differentiation
of melanoblasts, morphology of melanocytes and melanosomes, biosynthesis
of tyrosinase and melanogenesis, and, finally, transfer to and arrangement of
melanosomes in keratinocytes are each under the direction and influence of

different genes.

Before closing this section, we review some recent findings on mutations

that lead to pigmentary anomalies since these may eventually turn out to be

important in the pathogenesis of vitiligo. Mutations at two loci in the mouse
are known to lead to pigmentation defects, in addition to other defects, These
loci are W and 5. Dominant white spotting associated with the W locus
results from mutations in the ¢-kit membrane receptor gene. The Steel pheno-
type (hypopigmentation and anaemia, primarily) results from mutations in the
gene encoding the legend for kif. The c-kit proto-oncogene encodes a trans-
membrane receptor belonging to the class III family of tyrosine kinases, and is
thus obviously related to pigmentation. Recently, Spritz et al. (1992) have re-
ported heterozygous mutations of the c-kit gene in families with piebald trait,
which is an autosomal dominant defect characterised by white hair forelock,
by stable areas of hypopigmentation on the anterior trunk and extremities and
by the absence of other manifestations. -Lee et al. (1994) have reported that
mutations of the I> gene, which produces a transmembrane polypeptide that is

thought to transport small molecules such as tyrosine, are associated with Type
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IT (tyrosinase-positive) occlutaneous albinism, ocular albinism and Prader-Willi
or Angelman syndromes. While the clinical and phenotypic manifestations of
vitiligo are different from piebaldism or from the disorders associated with P
gene mutations, since all of these disorders have hypopigmentation in common,
it is possible that c¢-kit or the P genes may be involved in vitiligo, although no

direct evidence is yet available.

2.3 The Present Data Set

2.3.1 Data structure and sampling procedure

The data used in this study were collected by Professor James J. Nordland,
Chairman, Department of Dermatology, University of Cincinnati Medical Cen-
ter, U.S.A., and Professor Partha P. Majumder, Anthropometry and Human
Genetics Unit, Indian Statistical Institute, Calcutta. They have kindly per-
mitted the use of these data, and have provided some of the information given
below.

Each family in this study was ascertained through a single individual af-

fected with vitiligo (the proband). The probands were chosen from an unsorted
list of all patients registered with the National Vitiligo Foundation, Tyler,
Texas, U.S.A. Every fifth patient on the list was sent a questionnaire requesting
relevant information on himself/herself and his/her family members, including
first and second degree relatives. Returned questionnaires were scrutinized for
missing and /or inconsistent information. In the few instances when inconsistent
observations were noted, telephone interviews or follow-up letters were used to
resolve inconsistencies. Prior to receiving the data back from the patients, no
information on gender, ethnicity, age, number of affected relatives or other vari-

ables were available. The questionnaire also sought information on the names
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and qﬁaliﬁcations of the persons who had performed clinical evaluation of the
probands. It was found that clinical evaluations of all the probands and also
of the vast majority of their affected relatives were performed by professional
dermatologists. Therefore, the possibility of false positive reporting is minimal
in this data set. While the possibility of false negative reporting remains, it
must be mentioned that the probands being members of the National Vitiligo
Foundation are very well informed about the clinical features of vitiligo, which
reduces the possibility of false negative reportings. It has sometimes been re-
ported that there is a preponderance of familial cases among those registering
themselves with foundations such as the National Vitiligo Foundation. How-

ever, as we shall report later, about 80% of the probands have no first-degree

" relative afflicted with vitiligo. This proportion also closely agrees with the
finding of a previous study conducted in India (Das et al. 1985a), in which
probands were not selected from a registry list. While these facts by themselves
do not prove that the present data set is free of any bias, they indicate that any
biases that may exist due to sampling probands from the list of the National

Vitiligo Foundation may be small and negligible.

2.3.2 Items of information collected

i
The questionnaire sought information regarding presence of vitiligo in a fixed
set of relatives of the proband (children, grandchildren, spouse(s), parents, sib-
lings, grandparents, uncles and aunts); current age; age-at onset of vitiligo;
consanguinity; participation in sunbathing, tanning, etc.; handling of chemi-
cals, pesticides, etc.; thyroid problems; premature graying of hair; hearing loss;

ocular abnormalities; diabetes and other clinically important variables.
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2.3.3° Sample sizes and other descriptive information

In all, 300 questionnaires were sent. A total of 194 completed questionnaires
were returned. The responsé rate, therefore, was about 65%. Of the 194 fami-
lies from whom data were collected, 160 families were Caucasi'an; the remaining
34 families were Black, Hispanic, Asian or of other ethnic backgrounds. No two
probands belonged to the same family. For the analyses performed, it was nec-
essary to use age- and gender-specific estimates of population prevalence of
vitiligo. We, therefore, restricted our attention in this report to the set of
160 Caucasian families. Of these 160 families, 5 families were nuclear families;
therefore, about 97% of sampled families were extended. {Pedigree charts of a
selection of 10 sampled families are provided in the Appendix.] Prevalence es-
timates from the non-Caucasian (e.g., Black, Hispanic, etc.) population groups
are not available. Because pooling data of families different ethnic backgrounds
with possibly differing prevalences of vitiligo might have yielded distorted re-
sults of the analyses, it was necessary to treat families of different ethnic back-
grounds separately. The number of families of non-Caucasian ethnicity also too
small for performing any reasoqable statistical analysis of the data from these
families. The Statewise distribution of the place of residence (U.S. postal State
codes are used) of the 160 probands is: AK=1, AL=1, AR=2, AZ=3, CA=6,
CO=1, CT=5, DC=1, FL=7, GA=5, IL=17, IN=2, KS=1, KY=4, LA=2,
MA=7, ME=1, MI=6, MN=2, MO=2, NC=1, NH=1, NJ=6, NY=8, OR=1,
OH=11, PA=8, TN=21, TX=20, VA=1, WA=2, WI=2, WV=1, WY=1, This

distribution shows that there is no notable geographical clustering of probands.

For epidemiological analyses, we have used the data of 160 families. The
total number of males and females in these families were 1136 and 1120, respec-
tively. In addition to the 53 male and 107 female probands, 43 first-degree rel-
atives of probands were affected, of whom 16 were male and 27 were female. In

the extended families of probands, there were additionally 13 affected individu-
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als of whom 4 were male and 9 were female. For genetic analyses we have used
the data of 147 families; 13 families were excluded from these analyses because
of unresolved multiple missing information (e.g., age at onset of affected rela-
tives of the proband). Of these 147 families, 67 (45.58%) were 3-generational,
57 (38.77%) were 4-generational and 23 (15.65%) were 5-génerational fami-
lies. Among nuclear families of the 147 probands, 86 (58.50%) (were Normal
x Affected (Nor x Aff) families, ascertained through an affected parent and
61 (41.50%) were Normal x Normal (Nor x Nor) families, ascertained through

an affected offspring.
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Chapter 3

Epidemiological Results

3.1 Age at Onset

Each family was ascertained through exactly one proband. Of the 160
probands, 53 (33.12%) were male and 107 (66.88%).were female. This gen-
der difference is merely a reflection of the membership of the National Vitiligo
Foundation as determined by the first names of members. The percent fre-
quency distributions of proband’s age at onset by gender are given in table 3.1.
To test whether the frequency distributions of age at onset are the same for
males and females, we performed a non-parametric run test (Chakravarti et al.
1967). The test statistic, is :

T=[U- BU)/YV(U),

where U = observed number of runs, E(U) = expected number of runs, and
V(U) = variance of the number of runs, For the present data, the values of
U. B(U), V(U) and T were, respectively, 63, 71.2, 30.6 and —1.48. Since the
observed value of T exceeded —1.65 (the cut-off point corresponding to the 5%
tail probability of a standard normal distribution), the null hypothesis that
" there is no difference in the frequency distributions of age at onset of males
and females was accepted.

The age at onset distributions. observed in the present study and in two
previous studies (Howitz et al. 1977 and Das et al. 1985a) are presented,.for
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Table 3.1: Percent frequency distributions of proband’s age at onset by gender

Age group | Male | Female | Total
< 4 3.77 6.54 0.02
5 -9 28,30 1 17.76 | 21.26
10-14 24563 9.36 | 14.38
15 - 19 7.5 | 841 | 8.12
20 - 24 755 | 14.96 | 12.50
20-290 (1132 748 | 876
30 - 34 3.77 | 934 | 7.50
35 - 39 397 | 7.48 | 625
40 - 44 1.89 | 4.67 | 3.75
45 - 49 3.77 | 4.67 | 4.37
H0 - 54 1.89 | 6.54 | 500
HH - 59 0.00 | 1.87 | 125
60 - 64 1.89 | 0.00 | 0.62
> 6D 0.00 | 0.93 | 0.62
Total 100.0 | 100.0 | 100.0
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Figure 3.1: Frequency distributions of age at onset of vitiligo among genders
in three countries
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cbmparison, in figure 3.1. The most significant feature evident from this figure
is that for both males and females, the age at onset of vitiligo in Denmark
is later than that found in either India or the U.S.A. For the present data,
the mean and the s.d. of age at onset among probands were 21.76 years and
14.67 years, respectively. The observed cumulative age at onset distribution
is plotted in figure 3.2. Among male probands, the range of age at onset was
4 to 60 years; among females the range was 1 to 69 years. The mean ages at
onset among male and female probands are given in table 3.2. It is seen that
male probands, on an average, manifested vitiligo about seven years earlier

than female probands. The mean ages at onset among all affected males and
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Figure 3.2: Observed cumulative probability distribution of age at onset of

vitiligo
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Table 3.2: Sample sizes and mean ages at onset (in years) + s.e. among different.

categories of affected individuals

Gender of affected | Probands All affected individuals
individual only (including probands)

| only first-degree relatives | all relatives

Male | 53 69 73
17.62 £ 1.64 18.64 &~ 1.63 18.64 4= 1.63

Female 107 134 143
23.81 4+ 1.51 22.07 £ 1.40 24.19 £ 1.27

Total 160 203 216
21.76 1+ 1.16 22.37 +1.03 22.31 + 1.02

females are also given in table 3.2. To test the null hypothesis of the equality

of mean ages at onset for males and females, we employed the test statistic :

(&) — 5?2)\/(“'11”2)/(711 + ng)

T = ,
s/(ﬂl-F? + 1983}/ (ny + n2 — 2)

where n;, ¥, and s; denote, respectively, the sample size, mean age at onset
and standard deviation of age at onset for males, and ng, #; and s; denote
the mrrequnding values for females. The test statistic follows a t-distribution
with (ny +ng — 2) degrees of freedom under the null hypothesis. For the present
data, the observed value of T for probands was 2.52; not signjﬁcaﬂt a't_ the 5%
level with 158 degrees of freedom.

In the set of 160 families, there were 56 additional relatives (20 males and
36 females) of probands who also had vitiligo. Of these 56 affected relatives,
48 were first-degree relatives (20 males and 28 females). Therefore, including

the probands, in the 160 families, there were 73 male and 143 female vitiligo
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patients. The mean ages at onset among all affected individuals are also given
in table 3.2. (Data on age at onset were unavailable for 4 male and 1 female
affected first-degree relatives of probands.) These mean ages at onset are nearly

identical to those observed among probands only.

3.2 Family History

The percentage of families with affected first-degree relatives of probands is
an indicator of the extent of familial aggregation. In the 160 families, positive
family history was observed in 49 families. That is, at least one relative of
the proband in each of these 49 families had vitiligo. Of these 49 families,
in 31 families at least one first-degree relative (offspring, parent, sibling) of
the proband had vitiligo. Thus, the percentage of probands with at least one
affected relative is about 30%, and with at least one affected first-degree relative

is about 20%.
To determine whether there are any differences in characteristics of families

 when ascertained through a male proband or a female proband, we classified the

families by gender of the proband. The data are summarized in table 3.3, from
which it is seen that there is striking similarity in the proportions of families
with positive family history whether the family was ascertained through a male
or a female proband. .

To test the null hypothesis of equality of proportions of multiplex fami-

lies ascertained through a male and a female proband, we employed the test
7 = (Pr — P2) ]
| \/fi‘(l —p)(1/ny + 1/n2) _
where, § = (y; + y2)/(m + n2), y; and y; denote the numbers of multiplex

statistic :

families ascertained, respectively, through male and ferale probands, and n,
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Table 3.3: Proportions of multiplex family types classified by gender of proband

Proband’s | Number of Number (%) of probands with
Gender Probands | at least one affected | at least one affected
relative first deéree relative
Male 03 16 (30.19) 11 (20.75)
Female 107 33 (30.84) 20 (18.69)
Total 160 49 (30.62) 31 (19.37) |

and n; denote the total numbers of male and female probands, respectively. We
reject the null hypothesis if the observed value of the test statistic is greater
than Z{o), the a% cut-off point corresponding to a N(0, 1) distribution. The

observed Z values are small : Z = 0.330 for multiplex families with at least one

affected relative and Z = 0.139 for multiplex families with at least one affected
first-degree relative. Neither of these two values exceeded Z(0.05) = 1.645, We,
therefore, accept the null hypothesis at the 5% level.

Further, to determine the nature of the distribution of affected relatives of
the probands, we classified all individuals by age and relationship to proband.
These data are presented in table 3.4. It is seen that the proportions of affected
male and female relatives in various comparable relationship categories (e.g.,
father vs. mother, brother vs. sister, etc.) are also remarkably similar. The
notable exception is between uncles {(0.6%) and aunts (2.02%). The observed
difference (1.67% vs. 0%) between grandsons and granddaughters is perhaps
attributable to small sample sizes. Among first-degree relatives of probands, for
parents and siblings the percentage of affecteds is about 5%. This percentage
among sons is about 8% and among daughters is about 9%. Thus, children
seem to be afflicted between 1.6-1.8 times more commonly than other first-

degree relatives.
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Table 3.4 Numbers of normal and affected relatives of probands in different

relationship categories and age groups

Relationship Aflection Age group® (in yearg) <| Total
to proband statug 1 2 3 4 &5 6 7 8 9|No| %
[Father Nor 0O O 0 15 19 24 45 29 IEA 148 | 05.48
Afl 0 1 2 ¢ 1 0 2 1 0 7 4,52

Mother Nor [0 0 1 17 19 25 40 27 20| 149 | 95.51
Aff 1 0 0 3 1 1 0 1 0 7 4.49

Brother Nor 8 11 24 49 27 16 14 6 2 | 157 | 95.15
Aff 1 2 1 1 0 2 1 0 ©0 8 4,85

Sister Nor 4 8 24 50 20 22 19 4 1 |152] 94.41
ALl 1 2 2 1 1 1 1 0 0| 9 5.59

Grandfather Nor 0 0 3 & 6 36 54 55 522111 96.35
AfT ¢ 1 0 0 0 3 1 1 2 8 3.65

Grandmother Nor [0 0 1 & 10 26 50 58 70 (220 | 96.07
Al 2 1 6 3 0 0 0 2 1 9 3.93

Uncle Nor D3 12 38 42 48 T8 76 27 | 329 | 99.40
AfT o 1+ o0 o0 ¢ o0 0 0 1 p 0.60

Aunt Nor 5 3 14 38 24 59 &4 63 60 | 340 | 97.98
AlT c 1 2 1 0 O 1 0 2 7 2.02

Son Nor 12 17 37 33 7 ¢ 0 @ 0O (1065 92.17
AfT 3 3 1 1 1 o 0 o0 O 9 7.83

Daughter Nor |20 24 32 24 8 @ 0 O O |108] 90.76
AlF 2 4 3 1 1 o 0 o0 0] 11 0.24

irandson | Nor i1 i0 & 0 0 @ O ©0 0 89| 9233
Aff 1 0 0 0 0o 0o 0 o0 O 1 1.67

Granddaughter Nor 0 10 4 0 0 0 0 0 0| 5410000
Afl o o o0 0 o 0 0 0O O 0 0.00

1

? Age groups (in years) are: 1 == 0-9; 2 = 10-19; 3 = 20-29; 4 = 30-39; 5 = 40-49; 6 = 50-59;

7= 60-60; 8 = 70-7%; 9 = 2 80
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3.3 - Relative Risk

To determine whether being biologically related to an affected individual results
in an increased risk of being affected with vitiligo compared to an individual of
the same age and gender drawn randomly from the population, we computed
the population relative risk (Penrose 1953; Weiss et al. 1982). The popula-
tion relative risk (RR), also known as the standardized mortality ratio [SME]
(Breslow and Day 1980), is defined as : ER = n,/n., where n, = observed
number of affected individuals; n, = expected number of affected individuals
= Y%  N;p;; G = number of age groups; N; = total number of individuals in
i—th age group (i = 1,2,...,G) and p; = affection probability for an individual
belonging to the i—th age group (i = 1,2,...,G) [It may be recalled that no

significant gender difference in age-specific prevalences was found.] Since the
age- and gender-specific estimates of population prevalence of vitiligo among
U.S. Caucasians are, to the best of our knowledge, unavailable, we have used
two available sets of estimates derived from the (Caucasian) Danish (Hc}witz
et al, 1977) and Indian (Das et al. 1985a) epidemiological studies. The use
of two sets of prevalence estimates additionally permitted the investigation of
the variation in relative risks caused by using different prevalence estimates of
the two diverse ethnic groups. The confidence intervals of RR estimates were
obtained using the method given by Ulm (1990). Ulm's method is based on

the relation between the Poisson distribution and the x? distribution :

S e AN /il =1 —Prob {x}, < 2\}
= Prob {X%m > 2A}

The lower (A;) and upper (Ay) boundaries of the {1-a)% confidence interval of

the Poisson-distributed variable Y = observed number of affected individuals,
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are defined as :
Prob(AL) = ¥2ye Rl /il = o /2
Prob(Ay) = Tioe ™)\, /il = q /9.

Based on relation between Poisson and x* distributions given .above, the values

AL and Ay can easily be obtained from tables of x? distribution -

Prob (A) = Prob {x3y < 2),} = /2
L~ Prob(Ay) = Prob{x3y,, <2y}
=1~ qa/2

where, 22, is simply the a/2 fractile of a x* variable with 2y degrees of freedom,
while 2y is the (1 - a/2) fractile of a x* variable with 2(Y + 1) degrees of
freedom, These values, A; and Ay, divided by the expected number of events
are the limits of the 95% confidence interval of the COrrespDnding RR. If the
value of 1.0 is included in the confidence interval, then the corresponding KX
is not significant.

The observed numbers of affected individuals, the estimates of RR, and
their confidence intervals are given in table 3.5 separately for various observed
types of relatives of probands. Oﬁspring of probands were found to have the
highest risk of developing vitiligo, followed by siblings, parents and grandpar-
ents. There was a remarkable similarity in estimates of relatjve risk between
genders within any relationship category. This implies that the risk of devel-
oping vitiligo for any relative of the proband is independent of the gender of
the relative, but is strongly dependent on his/her kinship coefficient with the
proband, It was also interesting to note that the estimateg of relative risk

are similar whether the Danish prevalence data or the Indjan prevalence data
are used. From the confidence intervals of relative risks, it wag seen that the
value of unity was outside the confidence intervals for all relationship cate-
pories except for uncles and grandsons. (For grandsons, the lower bound of

the 95% confidence interval derived using the Indian prevalence estimate was
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1.05, which is slightly greater than 1.) Since RR = 1 implies no elevation of
risk for developing vitiligo, and since the value of unity was excluded from the
confidence intervals, it can be concluded that there is a significant elevation
of risk of developing vitiligolif one is biologically related to a vitiligo patient.
This is indicative of strong familial aggregation, which may be due to sharing

of genetic factors and /or exposure to common familial environmental factors.

Table 3.5: Observed and expected numbers of affected relatives of probands,

and relative risks

gyl

T

Relationship | Total No. of affecteds Relative 95% confidence interval
to proband no. | Observed | Ex pecte&“ Risk® of Relative Risk?
O @l o @ O )
Father 155 7 0.97 067 | 7.20 1041 | 2.89-14.84 4.19-21.45
Mother 156 7 0,98 088 | 7.16 7.93 | 2.B8-14.76 3.19-16.33
Brother 165 8 060 0.2} 1336 11.04} 5.77-26.32 4.76-21.74
Sister 161 ) 0,77 0837 11.68 1077 5.34-22.17 4.93-20.45
Grandfather 219 8 1,38 092 | 5.81 B.65 | 2.51-11.45 3.74-17.05
Grandmother 229 9 146 134 | 6.16 6.72 2.82-11.69 3.07-12.75
Uncle 331 2 1.93 143 | 1,03 1.40 0.12-3.74 0.17-5.06
Aunt 347 7 2.11 193 | 3.32 4.05 1.33-6.83 1.63-8.35
Son 115 9 0.25 047 | 35.27 19.21 | 16.13-66.95 8.78-36.47
Daughter 119 11 0.29 0,55 { 37.61 20,07 [ 18.77-67.289 10.02-35,50
Grandson 60 ] 0.06 024 ] 1618 4.20 |} 0.41-90.16 1.05-23.38
Granddaughter | 54 0 0.07 0.27 - - - -

(1) is based on age- and gender—;peciﬁc prevalence estimates given by Howitz et al. 1977,
(2) is based on age- and gender-specific prevalence estimates given by Das el al. 1985a.

46




3.4 Impact of Proband’s Age at Onset on
Relative Risk '

Age at onset can, conceptually, provide indication of genetic involvement. An
affected individual with an early age at onset is often viewed as a genetic
case, while an affected individual with a late age at onset is viewed as a spo-
radic/nongenetic case. This viewpoint seems to hold in the case of cancers of
some particular sites, such as breast (Skolnick et al. 1990). If this be true,
then one would expect that risks to relatives of probands with early ages at
onset will be significant, while the risks to relatives of probands with late ages

at onset will be smaller and non-significant.

To investigate the impact of proband’s age at onset on risk of developing
vitiligo to relatives of a proband, we have classified the families into two classes
based on proband’s age at onset : < 17 years and > 17 years. The cut off
point of 17 years has been used because the proband’s age at onset distribution
showed an antimode at approximately in this age. The observed numbers of
affected individuals in various .relat:icnship categofies, estimated relative risks
(RR), and their confidence intervals are given in table 3.6, From the confidence
intervals, it is seen that RR values are all significant whether they pertain to
relatives of probands with early ages at onset or late ages at onset, because the

value of unity is outside the corresponding confidence intervals.

Further, for all types of relatives, the difference of RR values between the
two classes of probands is not statistically significant at the 5% level, as is ev-
ident from the overlaps of the confidence intervals of RR values. The present
data, therefore, do not provide any evidence for a statistically significant ef-

fect of proband’s age at onset on the risk of developing vitiligo to first degree

relatives of the proband.
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Table 3.6: Observed and expected numbers of a:
and risks to first-de;

8y

fected relatives of probands

oree relatives of probands with early and late ages at onset

Relationship | Age at onset | Total No. of affecteds Relative 95% confidence interval

to proband | of proband no. | Observed | Expected® risk® of relative rigk?
(in years) (1) (2) (1) 2 | @ (2)

Father < 17 75 4 412 3398 | 971  11.77 2.64-24.86 3.21-30.14

>17 | 80 3 586 33230 512  9.03 | 1.05-14.95  1.86-26.38

Mother < 17 76 4 4424 4126 { 9.04 9.69 2.46-23.15 2.64-24 .82

> 17 80 3 538 '4705,[ 561 638 | 1151630  1.50-18.65

|  Brother < 17 76 3 2267 3319 ) 13.23 9.04 2.73-38.67 1.86-26.41

> 17 89 5 ‘.36? 2393 4 13.62 12.72 4.43-31.79 4.13-29.69

Sister <17 76 | 4 |.3086 3729 | 12.96 10.72 | 3.5333.17  2.92.27.46

> 17 85 o 4468 440 | 11.19 11.36 3.63-26.11 3.69-26.52

Son | <17 35 4 0683 .1494 | 58.56 26.78 | 15.96-149.95 7.30-68.56

> 17 80 ._-5 | .}369 2191 | 26.75 15.87 8.69-62.43 5.09-36.57

Daughter <17 31 3 0661 .1120 | 45.38 21.11 | 9.36-132.64 5.52-78.33

> 17 BR 8 2264 4063 | 35.33 1969 | 15.26-69.62 8.50-38.80

“(1) is based on age- and gender-sﬁeciﬁc prevalence estimates given by Howitz et al. (1977);
(2) is based on age- and gender-specific prevalence estimates given by Das et al. (1985a).




3.5  Age at Onset Correlations Among
Aftected Relatives

Clues regarding possible aetiological heterogeneity can be obtained from the
distribution of ages at onset among affected members in families. Presence
of many young affected individuals in a family may be indicative of genes
segregating, compared to another family in which there are a few young affected
individuals and many older affected individuals. Put differently, it is possible
that most affected individuals in a family in which there is a segregating gene
may have low ages at onset; while in those families in which there is no gene
segregating, ages at onset of affected individuals may be highly variable. One
would, therefore, expect that there will be a high intra-class correlation in the
ages at onset of affected family members if there are segregating genes in most
families.

To investigate this, we calculated intra-class correlation coefficient of ages
at onset of vitiligo in multiplex families taking (i) only affected first-degree
relatives of probands, and (ii) all affected relatives of probands.

The intra-class correlation coefficients were estimated using the analysis of vari-
ance technique (Chakravarti et al. 1967), results of which are presented ta-
ble 3.7. From this table, it is seen that the intra-class correlation coeflicient

for ages at onset among first-degree relatives is fairly high (0.61). The value

of the correlation coefficient changed only minimally when all affected rela-
tives are considered (0.57). These results indicate that there is possibly little

heterogeneity in the nature of vitiligo families.
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Table 3.7: Results of analysis of variance and estimates of intra-class correlation

coefficient for ages at onset among aflected family members

Affected | Source of variation | Intra-class ]
family Between families Within families correlation
members | Sum of |d.[l | Mean | Sum of | d.f. | Mean | coefficient
considered | squares square | squares square
First-degree | 15685.23 | 33 | 475.31 | 6295.53 | 55 | 114.46 0.61
relatives
All relatives | 16895.18 | 40 | 422.38 | 7361.20 | 63 | 116.84 0.57

3.6 Effect of Parental Age at First Childbirth

It is relevant to test whether the age of father /mother at first childbirth has
any effect on the frequency of vitiligo among offspring. For many chromoso-
mal syndromes (e.g., Down syndrome), the probability of having an affected
offspring is known to increase with increase in the ages of the parents. To
investigate whether such a relationship exists for vitiligo, the data on age at
first childbirth were classified separately for each parent of each proband. To
eliminate gross generational effects on ages at marriage and/or first childbirth,
parents born during the period 1900-1930 and those born after 1930 have been
considered separately. For purposes of comparison, one control per proband
was selected from this data set. For choosing a control, we first enumerated
a set of ‘eligible’ controls for each proband. An eligible control was defined
as an unaffected individual whose age was within one year of the age of the
proband under consideration, and whose parents were born in the same period
(1900-1930 or 1930+ ) as the parents of the proband. From the list of eligible

controls, one control was randomly chosen for each proband. Probands with
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no eligible controls or for whose parents the age at birth at first childbirth was
unavailable had to be excluded from this analysis, In computing the proportion
of affected offspring, the proband was excluded. (Inclusion of probands would
have resulted in ascertainment bias since the families were ascertained through

the probands.) The relevant data are presented in table 3.8.

Table 3.8: Effect of parental age at first childbirth on proportion of offspring
with vitiligo

Father's age Father born during 1900-1930 Father born after 1930
at firat probands controls probands controls
childbirth ng He Mg Pa ng Mg Me P ny  Me Ma Pa ng  Me g Pa
< 25 Years 13 51 14 274 18 84 12 .143 | 27 68 29 426 29 T3 11 151
> 25 Yenrs 33 111 38 342 28 113 19 .168 | 22 K 25 454 20 46 8 .130
I Total 46 162 52 .321 46 107 31 ST | 49 123 54 439 49 119 17 143
Mother's age Mother born during 1900-1930 Mother barn after 1930
at Hrst probands controls probands controly
childbirth Tm Ne g Pa Nen Ne Ma  Pa Nm Ne Ty Pa Men Tle g Pa
< 25 Years 27 o6 31 323 25 117 20 .71 | 40 111 45 .405 40 11t 14 126
= 25 Yenrs 14 49 15 306 16 bR 9 155 14 29 15 517 14 J0 5 167
Total 4] 145 48 317 41 175 29 168 | 54 140 60 .42B 54 141 19 135

nyg = number of (athers; nm =nunber of mothers; n, = total number of offspring; ng = number of affected offepring;

Po = Nafne = proportion of aftected offapring.

To avoid vagaries of small sample sizes, we grouped parents into two classes :

those with ages at first childbirth < 25 years, and those with ages at first

childbirth > 25 years, We tested the null hypothesis that the difference in
proportions of affected offspring is not difterent for parents belonging to these
two classes. This hypothesis was tested separately for fathers and mt}thers
separately for the two year of birth intervals 1900-1930 and 1930+ , and also
separately for probands and controls. A N(0, 1) test of equality of proportions
(described in the section 3.2 of this chapter) was performed in each case. None

of the observed values of the test statistic was significant at the 5% level.
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We also used a cut-off point of 30 years for classifying parents by age at first
childbirth. Even in this case, the null hypotheses were all accepted at the 5%
level. We, therefore, found no evidence of the effect of increased parental age

at first childbirth on the probability of having an affected offspring.

We further tested the null hypothesis that the differences'in proportions of
affected offspring for parents with age at first childbirth < 25 years and > 25
years are equal for proband parents and control parents. This null hypothesis
was again tested separately, using a N(0,1) test statistic, for the two periods
of year of birth and also separately for fathers and mothers. None of these
tests was significant at the 5% level. Therefore, even though the proportions
of affected offspring were greater for proband parents than for control parents,
the differences in proportions of affected offspring observed b_etween these two

groups of parents based on the age at first childbirth were not significant.

3.7 Associlated Factors

In addition to parental ages at first childbirth, we have studied some other fac-
tors that are allegedly positively associated with the probability of affection to
vitiligo. In table 3.9, we present the proportions of individuals reporting these
factors in various subclasses of families. These were derived from the responses
of probands. In spite of the limitation that there were multiple responses from
a large number of probands, this table does not indicate any strong associa-
tion of any of the alleged factors with family history of vitiligo. While the
list of correlates considered is not exhaustive, indications are that the causes
of elevation of risk of vitiligo to bioclogical relatives of an affected individual
is primarily genetic. This, of course, does not rule out the possibility that an

environmental insult/exposure is required to trigger phenotypic expression in
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genetically predisposed individuals. No statistical analyses of these data were

performed because of small cell frequencies.

Table 3.9: Responses of 76 probands to various problems/factors implicated in

vitiligo
Reported Problem Category |- Type of family
or participation | No positive Positive family Positive family
family history but with at least
history no aflected one affected
19 relative 19 relative
(n = 93) (n = 14) (n = 23)
Sunbathing, Sunburning, Frequent 16(17.2) 1(7.1) -
Suntanning, etc. Occasional | 47 (50.5) 8 (57.1) 14 (60.9)
Stress 35 (37.6) 8 (57.1) 8 (34.8)
Thyroid disorder Hypo 10 (10.8) - 6 (26.1)
Hyper 4 (4.3) - -
Other 2 (2.2) : 1 (4.4)
Early hearing loss 7 (7.5) 1(7.1) 1 (4:4)
Ocular problem - 1(7.1) 2 (8.8)
" Alopecia areata 1(1.1) - 1 (4.4)
Childhoed anemia 3 (3.2) - -
Exposure to chemicals 4 (4.3) 1(7.1) -
Other (Asthma, Melanoma, 19 (10.4) 4 (28.6) 1 (4.4)
Arthritis, Skinning, Burn, etc.)

+ {igure in parentheses indicates percentages
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Chapter 4

Multilocus Models with Special
Reference to the Multilocus

Recessive Model

4.1 Models Considered

Many of the challenging problems in the study of hereditary disorders involve
use of mathematical /statistical modeling to describe the transmission of a dis-
order within families, Many complex disorders have not been amenable to
genetic analysis under the assumption of single locus or multifactorial mod-
els. The observed familial risks are often inexplicable under any single locus or
multifactorial models and also segregation analysis has often not been decisive
(Neuman and Rice 1992). Consequently, interest has turned to the consider-
ation of the properties of oligogenic models, i.e., genetic models involving a
small number of genes. Development of multilocus models have been discussed
in Chapter 1. The interaction of nonallelic genes is referred to as epistasis.
When the phenotypic expression of a trait is determined by independent ge-
netic mechanisms, the term heterogeneity is used. B
It is known that the number of possible models for a multilocus system
is large (Hartl and Maruyama 1968), which precludes the exhaustive investi-

gation of all possible models. For example, for a disorder controlled by two
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loci, 50 phenograms (genotype-phenotype relationship descriptions) are possi-
ble. However, not all of these phenograms are biologically meaningful. There-
fore, usually only a subset of these phenograms are considered. Neuman and
Rice (1992) have discussed nine of these two-locus models. Of them, six are

models of epistasis and three are models of heterogeneity.

To understand the behaviour of oligogenic models, we shall first consider
the simplest case — two autosomal, biallelic, unlinked loci. Locus 1 has alleles
A and a with frequencies p; and ¢ (= 1 — p;), respectively; the two alleles
at locus 2, B and b, have frequencies p, and g, (= 1 — p,), respectively. It
is assumed that the underlying population is in Hardy-Weinberg equilibrium
with respect to each of the two loci and that there is no linkage disequilibrium
between the loci. We also assume that penetrances are equal (say f for epistatic
models) for all at-risk genotypes and that only those individuals with an at-risk
genotype may become affected (2.e., no phenocopies). In heterogeneity models,
the penctrance (say g) of a genotype with respect to both loci is computed
from marginal penetrances : g = f, + fo — fi.fs, where f; and f, denote the
marginal penetrances at loci 1 and 2, respectively. The genotypes and their
corresponding population frequencies for the general two locus model are given
in table 4.1, The notation used to denote penetrances of the corresponding two-
locus genotypes are given in- table 4.2. Now for example, consider a disorder
that expresses itself in an individual if either (s)he is a recessive homozygote
at each of the two loci (epistatic model) or is a recessive homozygote at any
one of the two loci (heterogeneity model). The penetrances of the genotypes
for these models are presented in table 4.3. We have focussed on the epistatic
and the heterogeneity models because these two models have been considered
in the present study in view of the findings of a previous family study on
vitiligo (Majumder et al. 1988), and the findings of recent molecular genetic
studies on pigmentation (reviewed in Chapter 3). These models, particularly

the epistatic model, are described in greater detail and generality below. The
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Table 4.1: Two-locus genotypes and their frequencies in a population in
Hardy-Weinberg equilibrium

Loci Locus 2
BB Bb bb
AA|] AABB AABD AAbb

(pip}) | (2Pimg) | (Mid3)
Locus1 | Aa | AaBB AaBb Aabb

(2p1q1P3) | (4p101P2g2) (2p1q1q%)_
aa aaBB aaBb aabb

(‘ﬁpg) (29'%1929’2) (fﬁ ‘I%)

Table 4.2: Penetrances of two-locus genotypes

Loci _' Locus 2
BB | Bb | bb

Locus 1 | Aa h4 hs hﬁ
aa h? hg hg

Table 4.3: Penetrances for the genotypes for two different models

MﬂdEI h] hz h;} "l_ll4 | h5 he h7 hg. hg
Epistatic o 0 0 O 0 O . 0 0 f
Heterogeneity 0 0 f 0 0 fi i fi 49
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epistatic model is emphasized because this is the model that is being considered

for cross-validation,

4.1.1 Model I

An individual is affected if the individual is a recessive homozygote at all the
loci involved in the pathogenesis of the disorder. The loci are assumed to be
autosomal, unlinked and biallelic. For example, if the disorder is caused by
the action of L unlinked loci and at each locus there are two alleles — A, a;
B,b; C,c; etc. (a,b,c,.... denoting the recessive alleles) — affected individuals
are of genotype aabbcec....; individuals of all other genotypes are phenoctypically
normal. Thus, of the 3" genotypes, only 1 genotype gives rise to the affected
phenotype; individuals of the remaining 3* — 1 genotypes are phenotypically
normal. This model was introduced by Li (1953, 1987), who also derived many
population characteristics of this model. Some additional properties of this
model have been derived by Majumder and Nath (1992). This model yielded
an adequate fit to family data on vitiligo collected earlier from Calcutta, India

(Majumder et al, 1988). Some properties of this model are discussed in detail

in the next section,

4.1.2 Model II

An individual is affected if the individual is a recessive homozygote at any one
of the L loci involved. In this case, of the 3% genotypes, 3% — 2% genotypes
lead to the affected phenotype; the remaining 2* genotypes lead to the normal
phenotype. Thus, for L = 2, individuals of genotypes AAbb, Aabb, aaBB,

aaBb, and aabb are phenotypically affected, and those of genotypes AABB,
AABbD, AaBB, AaBb are phenotypically normal. -
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4.2 '~ Some Population and Sample Characteris-
tics When a Multilocus Recessive Disorder

is Expressed at Birth

Since Model I is the major focus of this study, we shall mainly concentrate on

this model in this section.

4.2.1 Populatio,n prevalence

Consider a disorder determined by the epistatic action of recessive alleles at
multiple unlinked loci (Model I). Suppose, ¢; denotes the frequency of the
recessive allele at the biallelic locus 1 (i = 1,2,...,L) in a population. If the
population practises random mating, then the prevalence () of the disorder in

the population is :

If g =q (foralli=1,2,3,..., L), then,
§ = ¢**, [0< 6 g<1].

For a disorder which is due to recessive homozygosity at any one of the L loci

involved (Model II)

L
6=[1-]J1~g)]
1=
If g, = q (for all i = 1,2,..., L), then,

§=[1-(1-¢")"), 0< 6 g<1).

For Model I, the prevalence., for a ﬁxed value of the allele frequency g, de-

creases sharply with the increase in the number of loci L. For model II, however,
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Figure 4.1: In-Prevalence in a random-mating population under models I
and II as functions of I and g .
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the prevalence increases with the increase of the number of loci (ﬁguré 4.1). The
prevalence, for a fixed value of L, increases with increase in the allele frequency
g for both models. It is seen analytically, as also, from this figure, that for both
models the prevalence is exactly same when L = 1. For a recessive disorder, it
is of interest to examine its characteristics in an inbred population. Suppose,
a population practises inbreeding and the inbreeding coefficient is F(F > 0).
Then, at the i-th locus (i = 1,2,3,..., L), the frequency of the recessive ho-
mozygote will be ¢; F'+ ¢(1— F') for model T and 1 — {1 ~ {g;F+¢?(1 — F)}] for
model IL. If ¢; = ¢ (i =1,2,3,..., L), then, prevalence of a disorder for models
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Figure 4.2: In-Prevalence in an inbred population under models 1 and II as
functions of ¢, L and F
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I and II wiil be :
§=[qF+ ¢(1 - F))*

and,

§=1-[1-{gF+q*(1 - F)}]"

The prevalence under models I and II as functions of ¢, L and F are depicted
in figure 4.2. As is expected, for fixed values of ¢ and L, prevalence increases

with increase in the population inbreeding coefficient . Further, the rate of

decrease in population prevalence under model I, or the rate of increase in.
population prevalence under model II, with increase in L for a fixed value of g

is dependent on the value of the population inbreeding coefficient, F."
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Table 4.4: Mating types, their frequencies and segregation probabilities in the
population

Mating type | No. of genotypic | Frequency® P(offspring is affected
mating given pal:ental mating)
Nor x Nor | 3%(3% -1)/2 (1-Q%? Sy = §%
Nor x Aff 3k —1 2Q%(1 — Q%) S = Q/(1+ Q)
Aff x Aff | 1 1 S =1
Total 3L(8F +1)/2 1 | -

* Q2 =H:'L=1‘??

4.2.2 Types and proportions of families in population

and in sample

Since there are only two phenotypes (Normal and Affected), there will be three
different types of phenotypic matings in the population : Nbrmal x Normal
(Nor x Nor); Normal x Affected (Nor x Aff); Affected x Affected (Aff x
Aff). However, because individuals of the normal phenotype comprise 3% — 1
genotypes, Nor x Nor matings comprise a large number of different genotypic
matings. Li (1987) worked out the phenotypic and genotypic mating frequencies
and their segregation ratios in the general population. These are provided in

table 4.4,

While the above results are a description of characteristics of the disorder in
families drawn at random from the population, the mode of inheritance of such
a disorder cannot be effectively studied by sampling families at random from
the population. For such studies, families need to be sampled non-randomly,
because the vast majority of randomly drawn families will not even be capable
of producing an affected child. The standard methods of sampling families non-
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randomly are : (i) to ascertain families through an affected parent, and (ii) to
ascertain families through an affected offspring. When a family is ascertained
through an affected parent, no correction of any kind is necessary to take into
account the effect of non-random sampling. The observed proportion of affected
oftspring in the sampled Nor x Aff families can be compared w;;vith the expected

proportion S; given in table 4.4 to check agreement.

When families are ascertained through an affected offspring, the observed
proportion of affected offspring is grossly upwardly biased because not only

are these families capable of producing an affected offspring, but only those

families that have actually produced an affected child come under study, Later

we shall discuss some methods of correcting for this ascertainment bias in the
analysis of family data for determining the mode of inheritance of a complex
disorder. For now, we discuss some more characteristics of the model under

consideration.

In a sample of families ascertained through an affected offspring, the pro-
portions of the 3 mating types (Nor x Nor; Nor x Aff; Aff x Aff), which are
functions of the number of loci involved in the determination of the phenotype,

may yield clues to the number of loci involved.

Since ascertainment is through an affected offspring, the father has to be
heterozygous at i loci (i = 1,2,38,...,L) and recessive homozygous at (L — 1)
loci and the mother heterozygous at j loci (5 = 1,2,3,...,L) and recessive

homozygous at (L — j) loci. Therefore,

(1) if i = 0 and j = 0, both parents are affected,
(2) if i # 0 and j # 0, both parents are normal;
(3) if i # 0 and j = 0, father is normal and mother is affected;

(4) if i = 0 and j # 0, father is affected and mother is normal.

Now, the total matiﬁg frequency given that the family is ascertained through

62



an affected child is :

550 (e

1=0 =0

where, H = 2q¢(1 — ¢) denotes heterozygosity and R = ¢* denotes recessive
homozygosity. [Although H and R are assumed to be same at all loci for

algebraic simplicity, generalization for unequal values is straightforward.] Now

Suppose,
py = Prob (both parents are affected);
poe = Prob (both parents are normal);
pio = Prob (one parent is affected and other is normal).

Then, it is easy to show that

m = RQL:
— Zi L Hl-lr'JR?L I'-'J
Doo | g . _
- L y pl—17,
P = Z(J)H'RL"’+Z( )H'R J;
- =] | - £=] -

|

2RL[Z( )H‘RL‘

i=1
Hence, in a set of ascertained families, the probabilities of various mating

types are :

Prob (Nor x Nor) = poo/T;
Prob (Nor x Aff) = pio/T;
Prob (Aff x Aff) = pn/T.

The percentage distributions of the different types of matings in a sample

of families ascertained through an affected offspring are given in figure 4.3 for
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different values of prevalence and number of loci. As is expected, the propor-
tion of Nor x Nor families increases with an increase in the number of loci for
a fixed prevalence and the proportions of Nor x Aff and Aff x Aff matings
correspondingly decrease. The trend is similar if the prevalence decreases for a
fixed number of loci. Unfortunately, however, for a fixed prévalence, the pro-
portions of the three mating types do not change drastically with the increase
of number of loci. This means that it is virtually impossible to estimate the

number of involved loci by using the data on proportions of different mating

Lypes.

4.2.3 Likelihood of a Normal x Normal family ascer-

tained through an affected offspring

To determine the likelihood of a Normal x Normal family ascertained through
an affected offspring, we first note that each of the normal parents must either
be heterozygous at each of the L loci or recessive homozygous at all L loci except
at least one. This is because, to produce an affected (aabbcc. ..} offspring, each
parent must be capable of transmitting an abc... gamete, and the reason v.:hy
neither parent can be recessive homozygous at all the L loci is that each parent
is known to be phenotypically normal. Hence, for any such family in which the

father is heterozygous at i loci and the mother is heterozygous at j loci, the

mating frequency, M;; is :
()mmes
ok (Y

The probability 8;; that this family produces an produces an affected off-

M;; =

spring 1s :
1
%= 5w

Now, the probability, c,, that a family with r affected offspring will have
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Figure 4.3: Percentage distributions of mating types in families ascertained
through an affected offspring for different levels of prevalence and number of
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at least one proband is (Elandt-Johnson 1971)
o, =1-(1-n)

where 7 denotes the conditional probability that an offspring is a proband given
that {s)he is affected, which we assume is independent of the parental mating
type.

The probability, 747 (r =1,2,...,s), that a family of ijth type (that is, in
which the father is heterozygous at i loci and the mother is heterozygous at j

loci) of size s will have r affected offspring is :
ij I g s—r

Therefore, the probability, {7, that a family of ijth type of size s will have r

L L

affected offspring and will be ascertained is :

@g?)z”"&?)'ﬂri r=123,...,s.

Hence, the probability, o0, of a family of ijth type of size s having at least
one affected child and being ascertained is :
B =5 =1 (1 - 78y)".
r=1
It, therefore, follows that the probability that a family of size s will have at

least one affected offspring and will be ascertained is :

o

L L |
Mijqf’gi‘f) - Z ZMU[]‘ - (1 — 11'9,';_)’].

i=1 j=1

2

}

L
=] }

|
=

The likelihood, £, of an ascertained family of size s having r affected offspring
S : | . )
Ticy f:l Mij‘PE?) |

L L Mijq"’gu) .

i=] Laj=1

L
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lable 4.5: Parental genotypic mating classes, segregation probabilities and
mating frequencies for model I with [ = 2

Genotypic No. of heterozygous Probability | Mating probability |
Class mating loci of affected for class
Father x Mother | Father | Mother offspring | Uncondi- | Condi-
(1) (1) (6;5) tional tional
1 AaBb x AaBb 2 2 1/16 16p%¢* p?
2 AaBb x aaBb 2 1 1/8‘ 32p3 > 2pq
aaBb x AaBb 1 2 1/8 |
AaBb x Aabb 2 1 1/8
Aabb x AaBb 1 2 1/8 l
3 "aaBb x aaBb 1 1. 1/4 16p%¢° 0
aaBb x aaBb 1 1 1/4
Aabb x aaBb 1 1 1/4
Aabb x Aabb 1 1 1/4 J

Under single ascertainment, o, = rr. Hence, £ reduces to :

v Sy Sk (5) (F)20090-0 (45 — pyrpstighioios
L= (r) (E) vk _?:1 (x::) (?)pi%thlb—i—j

where p=1—¢q.

Although the above equation looks formidable, it can be considerably sim-
plified because'se.veral mating types have the same values of  and 4, and con-
sequently the same value of §;;, This is exemplified in table 4.5. While the

above likelihood equation has been derived for unrelated parents, extension to
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the situation when the parents are related is straightforward. The likelihood
function remains valid; the only modification that is necessary is in the mat-
ing probabilities. These changed probabilities can be derived using the I-T-O
method (Li and Sacks 1954). For the two-locus model, the unconditional mat.-

ing probabilities as given in table 4.5 for unrelated parents change to ;

when parents are an uncle-niece pair :

class 1@ p23(1/2 + 2pg)*
class 2 p293(1+4p0)(1+2§’)}
class  3: 2pg*{[(1 + g)(1 + 4¢) + p(1 + 29)?%)/4);

when parents are a pair of first cousins :

class 1: 1/16 + 3p°¢(1/2 + 3pg);
class 2: p*¢*{1/4 4+ 3q/2 + 3pg(1 + 6q));
class 3: pq*[(1+ q) + 12pq(1 + 3q)]/4.

4.2.4 Dastribution of the number of affected children in

Normal x Normal families under single ascertain-

ment

The probability distribution of the number of affected children in families where
both parents are normal, can easily be worked out. for the case of single ascer-
tainment by using the likelihood function derived in the previous section. These
distributions are presented in figure 4.4 for various values of sibship size (s),
prevalence (8) and nuﬁlber of loci (L), It is seen that for fixed values of s
and &, the probability that a family cqntéins only one affected child monoton-
ically increases with increase in the number of loci. Correspondingly, there is
a monotonic decrease in the probability of a family containing a large number
of affected childreﬁ. .While for the.on&lﬂcus recessive madel, the probability

distribution of the number of affected children depends only on sibship size and
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not on prevalence, for the multilocus model (model I) this probability distribu-
tion also depends on prevalence. As is expected, the probability that a family

contains a single affected child increases with decrease in the prevalence.

4.2.5 Sample size considerations

From the probability distribution given in section 4.2.3, the mean and variance
of number of affected children in Nor x Nor families can easily be worked out.
Equality of mean values for any two values of L may be tested by using the

test statistic :

where X, and X, denote the mean numbers of affected offspring for the two
values of L under comparison, s? and s2 denote the corresponding variances,
and n denotes the number of families. This statistic can be used to answer a
question of relevance : what is the number of families required to distinguish
between two cases with .different values of L based on the mean number of
affected children? We have investigated this question; the results are given in
table 4.6, It is clear from this table that while the sample sizes (. e., number
of families to be sampled) for distinguishing between one-locus and two-locus
models are within feasible limits at different levels of prevalence, this is not so

for discriminating among multilocus models based on mean number of affected

offspring.
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Table 4.6: Number of Nor x Nor families each ascertained through an affected
offspring, required to distinguish between various cases based on mean number

of affected offspring per family

Cases to be Prevalence
distinguished 6 = 0.01 4 = 0.001 6 = 0.0001
Sibship size Sibship size Sibship size
. 2 4 6 2 4 6 2 4 6
One-locus vs. two-loci 92 32 19| 52 18 11] 39 13 8

Two-loci vs. three-loci 824 299 194 434 185 a9 | 293 103 65
Three-loci vs. four-loci | 3518 1301 8591 1922 701 457 | 1341 477 505
Four-loci vs. five-loci | 10288 3844 2555 | 56871 2162 1420 | 4301 1544 992

4.3 Incorporation of Variable Age at Onset

Derivation of Likelihood' Functions

4.3.1 Preliminaries and notations

Under the multilocus models considered, an individual of a given phenotype
may potentially be of any one of several genotypes. For example, under model
I, a phenotypically normal individual can be of any one of 8 genotypes (AABB,
AABb, AAbb, AaBB, AaBb, Aabb, aaBB, aaBb) if two loci are considered,
while under model II, such an individual can be of any one of 4 genotypes
(AABB, AABb, AaBB, AaBb ). Although under model I, an affected individual
is necessarily of genotype aabb if two loci are involved, under model I such an
individual can be of any one of 5 genotypes (aaBB, aaBb, aabb, AAbb, Aabb).

Late age at onset adds to the list of potential genotypes of normal individuals.
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For example, under model I, a normal individual may also be of genotype aabb

but may not have manifested the disorder at the age at examination.

When two loci are involved, we present in table 4.7 , the list of various
possible genotypic matings, mating probabilities, phenotypic mating types and
segregation probabilities, separately for models 1 and II. While listing the phe-
notypic mating types in this table, the possibility that an individual may be of
the susceptible genotype (e.g., aabb under model 1 ) but may not have mani-
fested the disorder because of late age at onset has not been taken intoc account.
This possibility introduces a 'c-omplexity. For example, under model I, when
variable age at onset is considered, the genotypic mating AABB x aabb may
phenotypically either be normal x affected or normal X normal.

For the formulation of likelihood of phenotypic observations on offspring
given the parental phenotypic mating type, the following further preliminaries
and notations are in order.

1. For a particular phenotypic mating type, several genotypic mating types are
possible. If the mating involves parent(s) who is(are) phenotypically normal,
then the current age(s) of the parent(s) also need to be taken into consideration
while enumerating the possible genotypic matings. We shall denote as gy and
gm, the current ages of father and mother respectively. .

2. We shall denote as : z, = Prob {an individual of age = is phenotypically
normal given that {s)he is of the susceptible genotype(s)}. These probabilities
are estimated from age at onset data of affected individuals. In practice, it
may be necessary to form age-groups to avoid vagaries of small sample sizes.
In the present study, this has been done. When, from practical considerations,
age groups are formed, z; will denote the above conditional probability for an
individual belonging to age-group i; i =1,2,...,G.

3 We shall denote as : ur = Prob {genotypic mating type is k given the
phenotypic mating type and age(s) of the phenotypically normal parent(s)};

k=1,2,..., K = number of genotypic matings for a specified phenotypic mat-
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ing. These are calculated straightforwardly from the mating probabilities given
in table 4.7. However, these probabilities need to multiplied by appropriate z;
values in specific cases. For example, under model 1, given a normal x affected
mating, K should equal 8 (corresponding to serial numbers 9, 17, 24, 30, 35,
39, 42 and 44 of table 4.7 ) if the disorder expresses itself at birth. However,
when the disorder has a late age at onset, a normal x affected mating may also
be of type aabb x aabb (serial number 45 of table 4.7). Thus, K = 9. The mat-
ing probability of the aabb x aabb mating given that the phenotypic mating
type is normal x affected, and that the normal individual belongs to i-th age
group is ¢°2;. The conditional probabilities, u4’s, are obtained by dividing the
unconditional probabilities by the sum of the unconditional probabilities of all

genotypic matings corresponding to the given phenotypic mating.

4, We shall denote as : 8, = Prob {offspring is of a susceptible genotype given
that the parental genotypic mating is of type k}. For example, under model I,
8, = Prob {offspring is of genotype aabbcc..... given that the parental genotypic
mating is of type k}. But under model II, 8, = Prob {offspring is of AADbb or
Aabb or aaBB or aaBb or aabb given the parental genotypic mating of type
k}. These are also given in table 4.7. |

5. Consider an offspring of age = in a family in which parental genotypic mating
is of type k. The probability of this offspring being phemtyp_ically affected is
6,(1 — 2;), and of being phenotypically normal is 1 — 6, + Orzz =1 — 6x(1 — 2z).

6. For a particular nuclear family, we shall denote as : n; = total number

of offspring in age-group i; m; = number of affected oﬂ’5pr1ng in age-group i

(n; — m;) = number of normal offspring in age-group 1.
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Table 4.7: Genotypic and phenotypic mating types, their probabilities and

segregation probabilities when two loci are involved

Sl. Genotypic Mating | Segregation Prob. Phe;lotypic Mating Type '
No. Mating Type Prob. | Model I | Model IT| Model I Model II
1 | AABB x AABB p® 0 0 Nor x Nor | Nor x Nor
2 | AABB x AABb | 4pq 0 0 Nor x Nor | Nor x Nor
3 | AABB x AAbb | 2p%¢? 0 0 Nor x Nor | Nor x Aff
4 | AABB x AaBB | 4pq 0 0 Nor x Nor | Nor x Nor
5 | AABB x AaBb | 8pSq? 0 ) Nor x Nor | Nor x Nor
6 | AABB x Aabb | 4p°¢ 0 ) Nor x Nor { Nor x Aff
7 | AABB x aaBB | 2p°g? 0 ) Nor x Nor | Nor x Af
8 | AABB x aaBb | 4p°¢® 0 ) Nor x Nor | Nor x Aff
9 { AABB x aabb | 2piqt 0 0 Nor x Aff | Nor x Aff
10 | AABb x AABDb | 4p%¢? 0 1/4 Nor x Nor | Nor x Nor |
11 | AABb x AAbb | 4p°¢ 0 1/2 Nor x Nor | Nor x Aff
12 | AABb x AaBB | 8pS¢? 0 0 ' Nor x Nor | Nor x Nor
13 | AABb x AaBb | 16p°¢ | 0 1/4 | Nor x Nor | Nor x Nor
14 | AABDb x Aabb [ 8p'4? 0 1/2 | Nor x Nor | Nor x Aff
15 | AABb x aaBB | 4p°¢° 0 0 Nor x Nor | Nor x Aff
16 | AABb x aaBb | 8p'q* 0 1/4 | Nor x Nor | Nor x Aff
17 | AABDb x aabb | 4p°¢° 0 1/2 Nor x Aff | Nor x Aff
18 | AAbb x AADbb plqdt 0 1 Nor x Nor | Aff x Aff
19 | 'AAbb x AaBB | 4p°¢® 0 1/2 | Nor x Nor | Aff x Nor
20 | AAbb x AaBb | 8p'q? 0 S 1/2 Nor x Nor [ Aff x Nor
21 | AAbb x Aabb 4p3¢° 0 1 Nor x Nor | Aff x Aff
22 | AAbb x aaBB | 2p'¢* 0 0 Nor x Nor | Aff x Aff
23 | AAbb x aaBb | 4p'¢’ 0 1/2 | Nor x Nor [ Aff x Aff
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Table 4.7 (continued)

Sl Genotypic Segregation Prob. | Phenotypic Mating Type
No. | Mating Type Prob. | Model I | Model II 1 Model I Model II
24 | AAbb x aabb | 2% | 0O 1 | Nor x Aff | Aff x Aff
25 | AaBB x AaBB | 4p°¢ 0 1/4 Nor x Nor | Nor x Nor
26 | AaBB x AaBb | 16p°¢ 0 1/4 Nor x Nor | Nor x Nor
27 | AaBB x Aabb | 8piqg 0 1/4 Nor x Nor | Nor x Aff
28 | AaBB x aaBB | 4p°¢ 0 1/2 | Nor x Nor | Nor x Aff
29 | AaBB x aaBb | 8pi¢* 0 1/2 Nor x Nor | Nor x Aff
30 | AaBB x aabb | 4p°¢ 0 1/2 Nor x Aff | Nor x Aff
31 | AaBb x AaBb | 16p'¢' | 1/16 7/16 | Nor x Nor [ Nor x Nor
32 | AaBb x Aabb | 16p°¢ 1/8 1/2 | Nor x Nor | Nor x Aff
33 | AaBb x aaBB | 8p'q* 0 1/2 Nor x Nor | Nor x Aff
34 { AaBb x aaBb | 16p°¢ 1/8 5/8 | Nor x Nor | Nor x Aff
35 | AaBb x aabb | 8pid 1/4 3/4 Nor x Aff | Nor x Aff
36 | Aabb x Aabb | 4p’® | 1/4 | 1 [Nor x Nor | Aff x Aff
37 | Aabb x aaBB | 4p’¢ 0 1/2 | Nor x Nor | Aff x Aff
38 | Aabb x aaBb | 8p*¢® 1/4 3/4 Nor x Nor | Aff x Aff
39 | Aabb x aabb | 4pg 1/2 1 Nor x Aff | Aff x Aff
40 | aaBB x aaBIB pigt 0 H Nor x Nor | Aff x Aff
41 | aaBB x aaBb | 4p°¢ 0 1 Nor x Nor | Aff x Aff
42 | aaBB x aabb | 2p*¢ 0 1 Nor x Aff | Aff x Aff
43 | aaBb x aaBb | 4pq® 1/4 1 Nor x Nor | Aff x Aff
44 | aaBb x aabb | 4pg’ 1/2 1 Nor x Aff | Aff x Aff
45 aabb x aabb q 1 1 Aff x Aff | Aff x Aff
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4.3.2° Likelihood function for a Normal x Affected

family, ascertained through an affected parent

The data comprise numbers of affected offspring belonging to each of the G
age groups; that is, m; and n; — my; 2 = 1,2,...,G. Given' that parents are
normal x affected, one can enumerate all possible genotypic matings that can
give rise to a normal X affected phenotypic mating, under either model I or
model II. Suppose K such genotypic matings are possible. For each genotypic
mating, k, the conditional mating probability 1, can be worked out as indicated
in the previous section after taking into account the age of the normal parent.
For a given genotypic mating, k, the likelihood of phenotypic observaticns of

offspring belonging to age group 1 is :

()it =1 - e = s

Thus, the conditional likelihood function of phenotypic observations on all off-

spring given the parental mating type is ;

“= EMH( )[9,, 1= 2z)]™ (1 = 61— &)

4.3.3 Likelihood function for a Normal x Normal family,
ascertained thro_ugh an affected offspring

In comparison with the previous case, a normal x affected family ascertained

through an affected offspring raises two problems. First, the ages of both

normal parents have to be considered in determining p;'s. For example, under

model I, for L = 2, a normal x normal mating may actually be of type aabb x
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aabb. That is, both parents can be of the susceptible genotype (aabb), without
manifesting the disorder at the time of data collection. The unconditional
probability of this genotypic mating will be ¢®zz;, when the parents belong
to age groups ¢ and j (4,5 = 1,2,...,G). Second, while no correction for bias
of ascertainment was required in the previous case (normal % affected family
ascertained through an affected parent), when a family is ascertained through
an affected offspring, the likelihood has to be corrected for ascertainment-bias.
Correction for ascertainment-bias can be made following Elandt-Johnson (1971)
and Majumder et al. (1988). The likelihood function, £, can be written as :

£ = [ - A(m, m))/B(n, m),

where the form of the function A{n,m); n and m being vectors, is the same
as the likelihood function of the previous case. [Of course, enumeration of
genotypic matings and calculation of conditional mating probabilities will cor-
respond to a normal X normal phenotypic mating rather than a normal x
affected mating.] If m = 3%, m; denotes the total number of affected offspring
in the family, then «,, = Prob (a family with r affected offspring will have at
least one proband) = 1—(1—~m)™, where 7 denotes the probability of ascertain-
ment. Thus, the numerator of £, a,, - A(n,m), denotes the likelihood that in a
family with n; offspring there will be m; affected in age group i(i=1,2,...,G),
and that such a family will be ascertained. The denominator of £, f(n, m),
denotes the probability that a family with n; offspring in age group i has at

least one affected offspring and is ascertained. This term is obtained as :

N
B(n, Il’l) = Z[ar ' Z A(m, 1)),

'i:“l 1121-“1£ﬂ}

li<ng

where,



When, 7 & 0, the likelihood function simplifies to :
L =r-A(n,m)/B(n, m),

where,

N
B(o,m) = >"7-Y A(n,]),

r=}1
and the range and constraints of the second summation are those of B(n, m)

given earlier.

4.3.4 Computations of likelihood functions : Some com-

ments

The number of possible genotypic matings, K, for a given phenotypic mating
type increases drastically with increase in the number of loci, L. For a fixed
value of L, K is also much larger if a disorder has a variable onset age com-
pared to one which is expressed at birth. Thus, for a disorder with a variable
onset age, the number of terms to be summed in the likelihood function is
usually large. However, several genotypic matings have the same segregation
probability, as is evident from table 4.7. Considerable computational simplifi-
cation is obtained by pooling all genotypic matings with the same segregation
probability,. When this is done, the number of terms to be summed in the
likelihood function reduces to the number of distinct values of the segregation
probability. |

When data on a number of nuclear families of a specific mating type are
available, the joint likelihood is the product of likelihoods of individual families.
Here again, considerable computational simplification is obtained by pooling

data of all families in which the normal parent(s) belongs to the same age

group(s).
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Chapter 5

Segregation Analysis of Nuclear

Family Data

Under each of the two multilocus models considered in this study, the con-
ditional likelihood of data on offspring given the parental mating type, current
ages of normal parents and method of ascertainment, were derived analytically,
in Chapter 4, as functions of number of loci and recessive allele frequencies. In
evaluating the likelihoods, the numbers of affected and normal offspring need
to be classified in various age groups under consideration for the various types
of families. In the present study, only two types of families were observed — (i}
families in which one parent is normal and the other affected, each family as-
certained through the affected parent (n = 86); and, (ii) families in which both

parents are normal, each family ascertained through an affected oﬂ’spring' (n =

61). The analysis of data on nuclear families involved a total of 674 individuals

of whom 165 were affected.

5.1 Results

We have calculated values of the likelihood functions for the two types of fami-
lies under each of the two models for different values of L, assuming population
prevalence of the disorder (6) is 0.5%. For this value of 6, under model I, the
recessive allele frequency, q, turns out to be: q = .0707 (for L = 1), g = .2659
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(for L = 2), g = .4135 (for L = 3) and ¢ = .5157 (for L = 4). Under model 1I,
q = .0707 (for L = 1) and ¢ = .0500 (for L = 2). [We note that when L = 1,
the allele frequency, q, is the_ same for both models T and II.]

Under model I, we have calculated the value of the log-likelihood function
of the data separately for normal x affected families ascert:;.ined through an
affected parent and normal X normal families ascertained through an affected
offspring. The value of z;, which denotes the probability that an individual
of a susceptible genotype belonging to the i-th age group is unaffected, which
is required in the likelihood computations, was obtained from the data on
age at onset of probands. [We note that if an individual is of a susceptible
genotype, the individual wili, if (s)he lives long enough, eventually become

affected.] These values are given in table 5.1.

Likelihood computations were performed for various values of the number
of loci, L. Although each normal x normal family had exactly one proband,
indicating that the ascertainment probability () 2 0 [single selection], we have
performed computations for different values of 7. The results are presented in
table 5.2. It is seen from this table that the likelihood of the data increases
with number of loci, However, the rate of increase decreases with increasing
values of L. For normal x normal families, the likelihood values for various
values of 7 are not very different for a fixed value of L.

In calculating the joint likelihood of all families, we have used the values
corresponding to 7 &~ 0. The joint likelihood values are presented in the last
column of table 5.2. From these values it is seen that the data are about 10"
times (log-likelihood ratio = 12.86) more likely if two loci are involved than
if only one locus is involved; about 10% times more likely (log-likelihood ratio
= 5.79) if three loci are involved; but only about 18 times more likely (log-
likelihood ratio = 1.25) if four loci are involved. The likelihood differences
between the one-locus vs. two-loci and between two-loci vs. three-loci cases

are large. However, the difference in likelthoods between the three-locus and
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Table 5.1: Distribution of age at onset of vitiligo among affected probands

Age at Onset | Cumulative | 2z,=1-—p;

(years) Proportion (p;)

<4 056 944

5-9 268 732
10-14 412 588
15-19 494 006
20-24 619 381
25-29 707 293
30-34 782 218
35-39 844 156
40-44 882 118
45-49 926 074
00-94 976 024
55-59 .988 012
60-64 994 006
> 60 1.000 000
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Table 5.2: Log-likelihood values under model I, for different numbers of loci, of

data of 86 Normal x Affected families ascertained through an affected parent,

and 61 Normal x Normal families ascertained through an affected offspring

Number | Normal x Affected [ Normal x Normal families | All families
of loci families #=001{nr=000} w=x0
1 -38.1338 -73.8925 | -72.8980 1 -74.1403 | -112.2741
2 -28.2017 -70.9667 | -69.9722 | -71.2144 | -99.4161
3 -23.0454 -70.3291 | -69.3346 | -70.5768 | -93.6222 k
4 -22.0301 -70.0061 | -69.1016 -70.3439 | -92.3740

the four-locus models seems to be non-significant at the §% level, indicating
that three-locus model is the most parsimonious. [Because of the underlying
assumption of equality of allele frequencies at the loci, the number of param-
eters remains the same for differing values of L. Formal statistical tests of

significance, therefore, could not be performed.]

Similar results for model II are presented in table 5.3. For brevity, we have
presented results only for L =1 and L = 2. As is expected, the joint likelihood
under this model when I = 1 is exactly the same as the corresponding value
under model 1. When I = 2, the likelihood of the data under model II is about
10° times less likely (log-likelihood ratio = -8.42) than under model 1. Similar
results are obtained when the value of I is increased. Thus, it is clear that

between model I and I, model I is more parsimonious,

We, therefore, conclude that three epistatically interacting autosomal dial-
lalic loci are involved in the pathogenesis of vitiligo. Individuals affiicted with

the disorder are those who are recessive homozygotes at each of these three

locl.
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Table 5.3 Log-likelihood values under model I1, for different numbers of loci, of

data of 86 Normal x Affected families ascertained through an affected parent,

and 61 Normal x Normal families ascertained through an affected offspring

Number | Normal x Affected | Normal x Normal families | All families
of loci families T=001l{r=005] n=0
1 -38.1338 ~73.8025 | -72.8980 | -74.1403 | -112.2741
2 -33.3822 ~74.2087 | -73.2132 | -74.4554 | -107.8376

5.2 Robustness of Inferences

There are two potential sources of variation which may affect the resuits and
inferences derived in the previous section. These are: (i) variation in estimates
of z;’s presented in table 5.1; and, (ii) variation in the estimate of §, We have
investigated the effects of both these sources of variation on the values of the

likelihood functions and on the inferences derived earlier.

5.2.1 Effect of variation in age-specific affection proba-
bilities

To study this effect, we first computed the standard deviation, s;, of the esti-

mate of z for each age group i(= 1,2, ...,,G). Then, for each i(= 1,2, ..., G— 1),

we derived a new estimate, 2! of z; by drawing a random number from the

uniform distribution U[z-8;,2;+5;]. The new estimate Qf, Z5, 2¢ was taken to

be 0.0, since the cumulative proportion to the last age group G must equal 1.

Further, for obvious reasons, for the first age group (that is, i = 1), the new
estimate 2! was actually derived by drawing a random number from U[0,2z,45,].

The various estimates of z! values are presented in table 5.4.
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Table 5.4: Randomly generated z; values in five runs

—

Age group | z * s.e. z; for run number
1 2 3 4 5

< 4 944 1 018 | .951 | .938 | .955 | .9569 | .962

5-9 732 £ .035 | .697 1 .759 | .709 [ .721 | .747
10-14 088 £ .039 | .684 | .588 | .5569 | .567 | .612
15-19 ] .506 £ .040 ) .540 | .503 | .480 | .474 | .534
20-24 81 4= .038 | .393 | .347 | .381 | .398 | .357
25-29 293 +.036 | 294 | 261 | .296 | .304 | .299
30-34 281 1-.033 | .248 | .231 | .217 | .235 | .209
35-39 156 £.029 | .146 | .146 | .163 | .140 | .182
40-44 118 £.026 | 113 | 129 {117 | 126 | .138
45-49 074 + .021 | .081 | .075 | .092 | .090 | .065
50-54 024 £.012 | .015 | .034 | .029 | .034 | .027
55-59 012 £ .009 | .005 | .006 | .013 | .013 | .010
60-64 .006 £ .006 | .002 | .001 | .003 | .011 | .008
> 65 | .0004.000 {.000 | .000 | .000 | .000 | .000
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Table 5.5: Joint logyy likelihood values for each run and their mean + s.d.

L

No. of Run Number Mean #: s.d.

loci 1 o | 3 4 5
1 |-111.21 | -112.38 | -112.42 | -112.73 | -113.06 | -112.36 + .312
2 | -96.57 | -98.26 | -97.35 | -97.87 | -98.51 | - 97.71 + .346
3 | -92.84 | -94.47 | -93.50 | -94.09 | -94.79 | -93.94 + .348
4

-91.61 | -93.11 | -92.24 | -92.84 | -93.56 | -92.67 + .342

Having obtained a new set of estimates of z; (i = 1,2,...,G), we computed
the likelihood functions assuming = = 0, separately for normal x affected fam-

ilies and for normal x normal families, under model I for L = 1,2,3 and 4.

This procedure was repeated 5 times. The mean + s.d. of the values of the
joint (that is, data of normal x affected and normal x normal families pooled)
log-likelihood function for L = 1,2,3 and 4 were evaluated. The results are
presented in tabie 8.5,

By comparing with the values presented in the last column of table 5.2 it is
seen that these mean values are nearly identical. [It was also found that model I
is more parsimonious than model II, and the magnitudes of the likelihood ratios

are similar to those reported in the previous section. We have not presented

these results for brevity.]

5.2.2 Effect of variation in prevalence

To investigate the effect of variation in prevalence, we computed the joint like-

lihood functions, assuming 7 = 0, for § = .004 and .01. The logy, likelihood

values are presented in table 5.6 for different values of é.

Since in the primary analyses § = 0.005 was assumed, in the last column of
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Table 5.6: logig likelihood values for different &

No. of Joint log;e likelihood
loci |6=.004|6=.01|68=.005
1 -112.63 | -111.17 | -112.27
2 -97.63 | -96.83 | -99.42
3 -93.80 | -93.19 | -93.62
4 0254 | -91.06 | -92.37

this table we have also presented the log)g likelihood values for é§ = 0.005, for
comparison. There was no significant eftect of variation in é on the values of the
likelihood function for a fixed value of L. [Similar results were also obtained
for model II; results are not presented.] Hence, the previous inferences on

genetic models remain unaltered, even after allowing for variation in é§ within

an appropriate range.

5.3 Conclusions

The present study, which to the best of our knowledge is the first extensive
family study on vitiligo in the United States, was undertaken with the primary
aim of cross-validating a genetic model proposed by us earlier., The method
adopted in the present study in which new data have been collected and model
parameters estimated from the fresh data is the most reliable method of cross-
validation. In analogy with a double blind study, this method has been termed
as double cross-validation (Mosteller and Tukey 1977). In performing the ge-
netic analyses, we have also extended the relevant statistical methodology re-

lating to analysis of family data on a complex disorder with variable onset
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age.

We have performed a segregation analysis of the data on nuclear families.
Likelihood functions were analytically derived taking into account the complex-
ities arising from delayed age at onset and biases of ascertainment. The results
of the present segregation analysis are in complete agreement' with those found
in the earlier study (Majumder et al. 1988). In the present study, we have not
only cross-validated the previous model which postulates that recessive alleles
at multiple unlinked loci act epistatically in the manifestation of vitiligo, but
have, in fact, additionally shown that this model is more parsimonious than a
competing model in which a recessive allele at any one of a number of unlinked
loci is stated to produce the disorder. The competing model considered was
chosen by taking into consideration the biochemical and molecular processes
of melanogenesis. In the present study, the best estimate of the number of
loci involved in the pathogenesis of vitiligo was found to be three, while this
estimate was four in the previous study. This, we believe, is not a serious
difference, and may have occurred because the previous study had not taken
into account the possibility — albeit small because most parents were over 40
years of age — that an unaffected parent may be of the susceptible genotype.
It is, in fact, remarkable that the difference is so small given that the data were
collected from two disparate ethnic backgrounds, While we have not explicitly
considered the possibility of the existence of non-genetic (sporadic) cases in our

models, the standard assumption that most probands in single-case families are

non-genetic may not always be valid because in the present data set ~ 80%
of nuclear families are single-case families. For the type of multilocus models
considered, it is not possible to estimate the proportion of non-genetic cases

through statistical analyses; refinement of methods of clinical evaluation are
necessary to identify non-genetic cases, if there are any.

We have also performed a statistical study of robustness to investigate the

effect of variation of certain parameters on our inferences. We have found
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that our results are quite robust with respect to variations in prevalence and

age-specific probabilities of affection.

Before concluding this chapter it is pertinent to point out that some of the
assumptions — equality of gene frequencies across loci, complete penetrance,
no sporadic cases -— have, in fact, been relaxed in the analyses of data on

pedigrees, results of which are presented in the next chapter.
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Chapter 6

Segregation Analysis of Pedigree
Data

As mentioned in Chapter 2, from each proband data were sought on a fixed

set of his/her relatives that included parents, spouse(s), children, grandpar-
ents, grandchildren, uncles, and aunts. From the data on families of the 147
probands, it was found that 67 (45.6%) were 3-generational, 57 (38.8%) were 4-
generational, 23 (15.6%) were 5-generational families. In the previous chapter,
results of segregation analysis performed on nuclear families of the probands
have been reported. In this chapter, the results of analyses of data on extended
families (pedigrees) of probands are presented. The analysis of data on nuclear
families involved a total of 674 individuals of whom 165 were affected (including

probands). This analysis of data on extended families involves 2256 individuals

of whom 216 are affected (including probands).

6.1 Methodology

Segregation analysis of the data on members of 147 pedigrees each ascertained
through an affected proband was performed using the Pedigree Analysis Pack-
age (PAP), revision 3.0 (Hasstedt 1989), which uses the nonlinear optimization
routine GEMINI (Lalouel 1979). PAP uses the ‘peeling algorithm' (Cannings
et al. 1976.), a generalization of Elston-Stewart algorithm (1971), to compute
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likelihoods of pedigrees. PAP incorporates an ascertainment bias correction
by dividing the likelihood of the pedigree by the likelihood of the proband(s).
A logistic function with mean 20 and standard deviation 15 was used as an
approximation to the age specific prevalence of the disorder. [As stated in
Chapter 3, this function with these parameter values provided a reasonable fit
to the observed age-specific distribution.] A threshold model, postulating that
an individual of a specific genotype and age is affected when her/his liability
exceeds a certain threshold, was assumed. Likelthoods corrected for ascer-
tainment bias, were computed for nongenetic, various one-locus and two-locus

recessive genetic models.

6.1.1 Elston-Stewart algorithm

The general mathematical formulation of pedigree analysis as developed by
Elston and Stewart (1971) and extended by Cannings et al. (1978) has been
used for pedigree analysis, The joint likelihood of all pedigrees was evaluated
under a series of hypotheses and maximum likelihood estimates of parameters
were computed through a direct numerical search of the likelihood surface.
Under the assumption of random mating and random sampling of the pedigrees,
the likelihood of observing the data on a particular family is dependent upon

(1) the distribution of the different genotypes in the population;
(2) the distribution of phenotypes for each genotype; and

(3) the distribution of offspring’s genotype given the parental genotypes.
The likelihood computation for a pedigree for the one-locus, two alleles (D
and d) case involves several parameters, Given the pedigree structure and the
phenotypic observations (Normal or A ffected) on individuals of a pedigree, the

likelihood of these observations is computed for given values of the following

parameters :

(1) Frequency, p, of the allele D ;
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(2) Transmission probabilities :

7,0 = Prob {an individual transmits D allele | (s)he

is of genotype i } ; and

(3) Penetrance probabilities :

Fi,7 = Prob {an individual is of phenotype 7| (s)he
is of genotype i } ;
i= DD orDdordd;
7= Normal or Affected .

In practice, it is assumed that the population is in Hardy-Weinberg equilibrium,
so that given the gene frequency p, the genotype probabilities :

gi = Prob {a random individual is of genotype i} ;

t = DDor Ddordd;

are easily calculated by the binomial rule. Moreover, in accordance with

Mendelian transmission rules, the transmission probabilities are fixed at :

[7op,p; Tod,0y Tas,p] = {1, 1/2, 0).
If 7, p's are fixed, then the segregation probabilities :

ti;x = Prob {an individual is of genotype k | the parental
genotypes are i and j};
i, 5.k = DD, Ddor dd, are easily computed.

Now, given a pedigree consisting of N individuals = with phenotypes
(21, Tg, . . ., TN), respectively, the likelihood of the pedigree for a specified set of

parameter values is computed as follows :
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(1) The probability of an individual of phenotype  marrying into the pedi-
gree (including founders) is :

Z -F:',z: '3

(2) The likelihood of two parents ( of phenotypes 2, and =) and an offspring
(of phenotype a3) is :

E_ 'F"l"“l " 8 Z F'ifﬂi ' 9; Z Fk.::;q ] tij,k
3 j k

- ZZ%:EI Fiar By » gic g5+ Lijpe
i

(3) The likelihood, £, of the entire pedigree can, therefore, be written as :

L=35 S [ Fyey ] 0a Htimfn,i.

iN J k

where the summations are taken over all genotypes (i],ig-, ...,iy = DD, Dd or
dd), the first product over all individuals, the second product over all individu-
als marrying into the pedigree {including founders) and the third product over
all offspring with parental genotypes i,, and 1,,

When the age at onset is variable, ages of individuals (current ages for
unaffected individuals and ages at onset for affected individuals) need to be
taken into account. Ages are incorporated by appropriately modifying the Fj;
values.

When a multilocus model is considered, the number of genotypes increases,
genotypic probabilities (g;) are appropriately modified, and transmission prob-
abilities {7; p) refers to transmission of gamete types D) given a multilocus

genotype (1), The form of the likelihood function (£) remains the same.
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6.1.2- Testing of hypotheses

T

Tests of hypotheses are performed by employing the likelihood ratio statistic.

A specific hypothesis to be tested corresponds to a restriction on one or more
parameters. The likelihood is then maximized both in the.unrestricted case
with r paramecters (the likelihood denoted by fr) and the hypothesis with k&
independent restrictions on the r parameters (£,_;). The smallar the likelihood
ratio A, = E,._k/f,.., the less likely the null hypothesis is true; the test thus
consists of rejecting the null hypothesis at a specified significance level, if this
ratio is smaller than a particular value. The quantity —2InA.,.; is asymptotically
distributed as a x? with k degrees of freedom under the null hypothesis. The
null hypothesis is rejected if the observed value of this statistic is greater than

the appropriate tabulated value of x°.

6.2 Models

Before considering specific genetic models it was of interest to examine how
well the data can be explained without invoking any genetic basis for the dis-
order, that is assuming that the disorder is solely due to environmental causes.
To examine this, we have considered a nongenetic/sporadic model, where the
frequency of the allele causing the disorder (g) was set at 1.0, so that all indi-
viduals were of the same genotype. The prevalence of the disorder, which is the
conditional probability of affection given the genotype, was set at a fixed value
(=.005 and .01) or was estimated. These three cases are denoted as Ny, N,
and Ni. We have considered a three one-locus models (R, D, and G) and two
two-locus models (R, and Rj). For one-locus models, we have assumed that
the locus is biallelic and denoted the allele causing the disorder as a and the

alternate allele as A. Lifetime prevalences of the genotypes were denoted as
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I, b, etc. We have assumed Hardy-Weinberg equilibrium and Mendelian trans-
mission. The model It denotes the recessive model with complete penetrance.
In this model we fixed the lifetime prevalences of the genotypes : I (aa) =1
and l3(Aa) = l3(AA) = 0. The only parameter of this model is q.

The model D denotes the dominant model with complete penetrance. In
this model we fixed 1 (aa) = l;(Aa) = 1 and I3(AA4) = 0. This model also has
only one parameter, q.

The model G denotes a general genetic model which allows for both in-
complete penetrance in the suscéptible genotype (aa) and the presenfﬁe of phe-
nocoples among individuals of the non-susceptible genotypes (A A, Aa). This
model, therefore, has four parameters q,1,,%; and ;.

For the two-locus model, we considered two unlinked biallelic loci. We de-

noted the alleles at the two loci, as a and b and their counterparts as A and

B, respectively. The frequencies of the alleles a and b were denoted as ¢; and

q2, respectively. Under the postulated two-locus recessive model, out of the |
ten possible two-locus genotypes, individuals of only one genotype (aabb) arc
affected; individuals of the other nine genotypes are normal. Under this model,
there are ten genotypic lifetime prevalences denoted as ly, Uy, <+, 19, of which I
corresponds to the genotype aebb, and Iy, 13, -+, ljp to the remaining nine geno-
types. For the present two-locus recessive model under consideration, {; = 1
and Iy = v« = l;p = 0. These values were held fixed in all likelihood com-
putations. Likelihood computations were performed in two ways : Model £, :
assuming q; = g = q, in which ¢ was held fixed at 0.2659 (which corresponds to
a population prevalence of 0.5%), and Model R, : treating ¢ as an independent
parameter to be estimated from the data. We note that from the available data _
it is not possible to independently estimate ¢, and gz. This is because allele
frequencies are estimated from information on founders (including individu-
als marrying into the pedigree); the proportion of affecteds among founders is

equal to, except for sampling fluctuations, the population prevalence, which 1s
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a function solely the product of allele frequencies g, and ga.

For the purpose of cross-checking of estimates and inferences, as also for
computational convenience, the set of 147 pedigrees .was randomly split into
two approximately equal subsets (subset I and subset IT) comprising 75 and 72

pedigrees, including 1185 and 1071 individuals, respectively. ‘All computations
were performed separately for the two subsets.

6.3 Results

The general form of the observed cumulative age at onset distribution appears
to be that of the logistic distribution function. The logistic distribution function

(d.f.} has the form :
F(z) = {1+ exp[~(z — a) /k]}™

where, k = V/3b/7 or b= kn/\/3 and ¢ = mean, b = s.d. The corresponding
probability density function (p.d.f.) is :

Flz) = TP (= — a) /K]
. (k{1 + exp|(z ~ a)/K]}?)

In figure 6.1 we have plotted the observed cumulative age at onset distribu-
tion and the logistic distribution function with parameters ¢ = 20 and b = 15.
[These parameter values are approximately equal to the observed mean and s.d.
of the ages at onset among probands.] We have examined whether the logis-
tic distribution with the above parameter values with the observed cumulative
age at onset distribution. This was done by using the Kolmogorov-Smirnov
nonparametric test procedure (Chakravarti et al. 1967). The test statistic is

d= ynsup| Flz)— Flz) |,
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Figure 6.1: Qbscerved cumulative frequency distribution of age at onset of
vitiligo and the logistic distribution function with mean — 20 and s.d = 15
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where F'(x) is the logistic distribution function as defined above, and F(z) is
the obscrved cumulative age at onset distribution. The observed value of d
was 1.32, which is non-significant at the 5% level, implying that the logistic

approximation to the observed age at onset distribution is acceptable.

The results of model fitting (segregation analysis) are presented in table 6.1,
separately for the two subsets. As mentioned earlier, the three non-genetic
models, Ny, No and N; correspond, respectively, to situations in which the
population prevalence of vitiligo was held fixed at 0.005 or 0.01 or was estimated
from the data. For all non-genetic models, the frequency of the allele causing
the disorder was held fixed at 1. It is seen that the likelihood of the data under

the non-genetic model increases with increase in prevalence and the maximum
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Table 6.1 : Results of pedigree analysis of vitiligo for non-genetic, one-locus
and two-locus models*

Data Parameter Non genetic models Genetic models
Subset One-locus models Two-locus models
Ny N N3 R D G R, Ry
g 1] [1] 1 0680 | .0500 | .0230 | [.2659) 2415
I —~ = ~ (1] 1] 9975 | 1]} 1]
Subset [ {y ~ — - 0] 1] 0787 - —
(n = 75) s ~ — —~ [0] 0] 0046 — -~
Prevalence® | [.005) | [01] 038 .005 098 010 005 003
logg £ -96.31 | -87.22 | -77.44 | -Y7.48 [ -371.91 | -69,12 | -68.04 { = -66.87
—2in £ 443.83 | 401.68 | 356.64 | 356.84 | 1712.7 | 318,31 | 313.33 | 307.97
q (1] (1] 1] 0689 | .0400 | .0525 | [.2659] | .2484
! 3 7SO L 1
Subset 11 Iy - - - [0 1] 0597 - =
(n = 72) 3 - — - 0] 0] 0108 - -
Prevalence® | [.005] | [.01] 038 005 078 017 005 004
logye £ -85.57 | -77.46 | -68.70 | -70.62 | -351.37 | -64.73 | -63.67 -62.88
—2in L 394.05 | 366,70 | 316.37 | 325,20 | 1617.7 | 298.09 | 293.22 289.56

(*) n denotes number of pedigrees and figures in brackets indicate fixed values of parameters;
those not in brackets are maximum likelihood estimates of parameters,
(a) Prevalence was calculated from estimates of parameters,

(b) 1, refers to lifetime prevalence of genotype aabb; the lifetime prevalences of the remaining

nine genotypes, Iy, I3, -+, lip, were fixed at 0.
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likelihood estimate of prevalence obtained for N is about 4% from both subsets
of the data.

Among the one-locus models considered, the dominant model (D) is clearly
rejected; compared to other models the -2inA (A = Likelihood Ratio) varies
between 1268.9 and 1404.7 for subset I, and between 1223:7 and 1328.1 for
subset II. The likelihoods under the recessive (R) model and the non-genetic
model N; are of a similar magnitude, but the estimate of prevalence (0.005),
derived from the maximum likelihood estimate of the allele frequency, for the
recessive model is much closer to observed population prevalences (.005 - .01)
than the estimate of 0.04 obtained under the non-genetic model. The general
one-locus model (&) provides the best fit to the data and is significantly better
than the one-locus recessive model (-2InA = 38.5 for subset I and 27.1 for
subset II; d.f. = 3; p < 0.05 for both subsets]. For both subsets, estimated
prevalences under the general model are higher than those obtained under the
recessive model, but nevertheless, are close to observed population prevalences
reported earlier. A careful examination of the estimated lifetime prevalences of
the three genotypes obtained under the general one-locus model_ihdicates that
these estimates are similar, in particular for subset I, to the lifetime prevalences
of the genotypes of the recessive model. In other words, the general model is
effectively same as the recessive model.

When compared witﬂh the best-fitting one-locus model G, the two-locus
model is found to provide a better fit (-2InA = 10). Because of differences in
parametric structures of the one-locus and two-locus classes of models, we were
unable to perform rigorous statistical tests of significance to compare these
two classes of models. Further, because of computational-cc:fm_plexitiés and the
enormotis computer time requirement it was not possible to perform likelihood
computations on pedigree data for genetic models involving more than two loci.
Because of this limitation, the present pedigree analysis only confirms whether

a multilocus model provides a better fit than a single-locus model_, but c_:iaes
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not provide an estimate of the number of loci involved. We were thus unable to
verify our previous estimate that three loci are involved in the pathogenesis of
vitiligo. Our present analyses, however, show that the pedigree data on vitiligo
fits a two-locus recessive model better than a one-locus recessive model. It is
also interesting to note that the population prevalences calculated from the
estimates of parameters obtained under the two-locus recessive model are same
(=~ 0.004) for both subsets of the data. This value of estimated prevalence is
also very close to earlier population estimates (Das et al. 1985a; Howitz et al.
1977).

6.4 Robustness of Inferences

For pedigree analyses, we have used a logistic function with mean = 20 and
s.d = 15 to approximate the age specific prevalence distribution. The two
parameters of the logistic function are potential sources which may affect the
likelihoods. To investigate the effects of these two parameters on inferences, we
have performed a robustness study. Because of the enormous computational
time requirement, we have performed this analyses only on data of subset 1I,
for non-genetic and one-locus models.

To investigate the effect of the two parameters, we have varied the mean
and s.d. values within an appropriate range (mean : 15 to 25 and s.d. : 10
to 20). In table 6.2 we present the likelihood values under different models for
subset II. It is seen that for each model, the value of the likelihood function,
for a fixed mean value, increases with increase in s.d.; and, for a fixed s.d,,
decreases with increase in the mean value. However, the relative merits of the
various models for any pair of values of mean and s.d. are similar to those

discussed in the previous section. The estimates (not presented for brevity) of
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Table 6.2: logg likelihood values of data of subset II for different mean and

s.d. values under non-genetic and one-locus models

Mean, S.d. logi likelibood for models | J
NN, N | R D G

15,10 |{-83.50 (-75.49 | -67.26 | -71.80 | -316.53 | -63.95
15,15 | -83.15(-75.11( -66.74 | -71.19 | -380.11 | -63.18
15,20 |-8318(-75.10| -66.51 | -70.54 | -318.30 | -62.69
20,10 | -87.05(-78.97| -70.41 | -71.33 | -467.36 | -66.50
20,15 | -85.57 | -77.46] -68.70 | -70.62 | -351.27 | -64.74
20,20 | -85.05|-76.90| -67.90 | -69.96 | -284.07 | -63.96
25,10 | -91,70 | -83.54 | -74.53 70.72 | -427.78 | -69.39
25,15 | -88.62 | -80.43 | -71.19 | -69.98 | -320.47 | -66.68
25,20 | -87.341-79.10 | -69.61 -69.32 | -272.53 | -64.93

Prevalence | [.005] | [.01] | .036-.040 | .004-.006 | .007-.135 | .012-.020
range

parameters of the various models were also similar to those given in table 6.1.
Therefore, the inferences presented in the previous section are robust against

Auctuations of values of parameters of the logistic function which was used to

approximate the distribution of age at onset of vitiligo.
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6.5 - Conclusions

In conclusion, the present results substantiate our previous finding of epistatic
interaction of recessive alleles at multiple unlinked loci in the pathogenesis of
vitiligo. This inference makes considerable biological sense. It is known that

there are several key points in the human pigmentary pathways (Hearing and .
King 1993). The implicated loci may serve as controls of these key points and
recessive homozygosis at any of these loci may be viewed as complete disruption
or blockage at the corresponding point. If one or two of these control points
are blocked then bypass routes in the pigmentary pathways are possibly used
and there is no precipitation of disorder state. However, if a greater number of
control points are blocked, then possibly there is failure of the entire pathway

because of non-availability of bypass routes, which results in a disruption of

the end product or process and consequently in the clinical manifestation of

vitiligo.
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APPENDIX

Pedigree Charts of a Selection of 10 Sampled
Families.

KEY : Below each symbol {circle or square), the first number represents
serial number of the individual within the pedigree, the second number
represents current age (in years) and the third number in parentheses
represents age at onset, if the individual is affected. The proband is

marked by an arrow.
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