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Abstract

Asthma represents a complex disease or phenotype and its mechanism of 

inheritance is not well understood. One approach to elucidate the genetics of such a 

phenotype is to study intermediate or subphenotypes; traits or characteristics strongly 

associated with asthma which may show familial aggregation that can be explained by 

monogenic inheritance. This study used the statistical technique of segregation analysis to 

investigate familial aggregation and mode of inheritance of three asthma phenotypes. The 

first phenotype is based on a definition of asthma used in many epidemiologic studies, 

namely, a self report of a physician diagnosis of asthma. The second phenotype or, more 

specifically, intermediate phenotype is the lung function measurement forced expiratory 

volume in one second (FEVJ. Asthma is associated with decrements in FEV^ it is 

unclear whether this is a cause or a consequence of asthma. The third intermediate 

phenotype considered is the level of circulating eosinophils. High eosinophil counts are 

associated with asthma.

The study populations for each of the phenotypes are drawn from 1,151 nuclear 

families enrolled in the Tucson Children's Respiratory Study, a longitudinal investigation 

of respiratory disease from infancy to young adulthood. Segregation analyses, using 

regressive models for discrete and continuous traits, were conducted to examine the fit of 

postulated genetic and non-genetic models to the data.

Although there were significant parent-offspring and sibling-sibling correlations, 

results indicated the rejection of the hypothesis of a single two-allele locus for each
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phenotype. For the phenotype based on the physician diagnosis of asthma either a 

polygenic/multifactorial mode of inheritance alone, or an oligogenic mode, with evidence 

of a Mendelian recessive component, were compatible with the data. Results suggested 

that the lung function trait is inherited in a polygenic/ multifactorial fashion, with 

evidence of a Mendelian recessive component associated with higher levels of lung 

function, and a genetic or environmental maternal influence in asthmatic families. For 

eosinophil levels results suggested an oligogenic mode of inheritance with an infrequent 

recessive Mendelian component for low eosinophil levels in non-Hispanic white families. 

Collectively, these results support the concept of multiple, relatively common, genes 

interacting to determine genetic susceptibility to asthma.
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INTRODUCTION

Explanation of the Problem and Its Context

Overview

Asthma research is an area of considerable current interest due to recognition of 

the condition as a frequent health problem, and reports of its increasing prevalence 

especially among children. Asthma affects an estimated 15 million people in the US, and 

is the most prevalent chronic disease of childhood, affecting about 5% of all children, and 

being the leading cause of admission of children to many urban hospitals (Murphy & 

Kelly, 1993).

Asthma clearly runs in families with estimates of heritability as high as 60-70% 

(Duffy et ah, 1990). Studies in the genetics of asthma offer the potential for 

understanding the disease’s pathogenesis, developing new diagnostic procedures, new 

treatments and possible cures. Genetics, in general, including the genetic epidemiology of 

asthma, is a field of increasing research activity. This is, not in small part, attributable to 

advanced molecular techniques providing the ability to rapidly sequence nucleic acids and 

the explosive growth in the computer industry providing the capacity to use mathematical 

modeling techniques to fit complex statistical models to vast amounts of data.

In spite of these technical advances the inheritance mechanism of asthma has 

remained elusive. The study of the inheritance of asthma is made more difficult by the 

complex nature of the asthmatic phenotype. For example, more than one phenotype exists 

which is given the label “asthma.” The inheritance of asthma does not show the classical 

Mendelian patterns associated with single gene traits (Sandford et ah, 1996). This
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suggests that asthma represents a complex phenotype and that a number of genes, 

together with a strong environmental influence, may be involved in its pathogenesis. 

Therefore, as well as studying the phenotypic label “asthma,” one approach to elucidate 

the genetics of this complex phenotype is through the study of intermediate traits showing 

familial aggregation and known to be strongly associated with asthma. Such intermediate 

or subphenotypes may have a role in the pathogenesis of asthma, and may show 

monogenic segregation. Phenotypic markers which could be associated with asthma 

include bronchial hyperresponsiveness, increased total serum immunoglobulin E (IgE), 

lung function measurements, skin test reactivity, and eosinophilic inflammation of the 

airways.

Specific Aims

The overall goal of this study is to investigate, epidemiologically, the inheritance 

of asthma phenotypes through statistical modeling of family data, applying the techniques 

of segregation analysis. The rationale is that, since asthma represents a complex 

phenotype, the most pragmatic approach to studying its mode of inheritance is through 

the investigation of associated phenotypic markers. This strategy would not be complete, 

however, without applying the same investigative techniques to a definition of the 

disorder asthma, as a phenotype in its own right. The specific hypotheses tested with 

respect to the mode of inheritance of the traits are numerous and are incorporated into the 

methodology.

Specific Aim #1. To investigate inheritance patterns associated with asthma 

susceptibility or age of asthma onset, and to determine whether a major autosomal gene
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can account for the familial aggregation of asthma. In addition, since high total serum IgE 

levels are strongly associated with asthma its impact as a covariate is investigated.

Specific Aim #2. To investigate inheritance patterns associated with the 

determination of lung function levels in family data. Also, to investigate genetic 

heterogeneity in families with and without asthmatic members.

Specific Aim #3. To investigate familial aggregation of eosinophil levels, and to 

examine patterns of inheritance associated with this intermediate asthma phenotype.

Background and Literature Review 

Epidemiology of Asthma and Costs

Asthma is a serious world health problem, affecting up to 100 million people 

globally. In developed countries asthma affects up to 5% of the population and up to 10% 

of children (Jain & Golish, 1990). Up to 25% of children in more affluent countries report 

wheezing in the last year (Peat, 1996). In the United States an estimated 14-15 million 

people are affected, including 4.8 million aged less than 18 years. Asthma is the most 

common chronic childhood illness (Schwartz et al., 1990). Among persons younger than 

25 years, asthma accounted for an estimated 198,000 hospitalizations and 342 deaths, in 

1993 (Anonymous, 1996). Overall, asthma accounts for about 5% of emergency room 

visits and 500,000 hospital admissions annually, and is the leading cause of admission of 

children to many urban hospitals (Murphy & Kelly, 1993). A cost of illness analysis, in 

the USA, examining national cost and utilization of resources by persons with asthma 

estimated a total yearly cost of $5.8 billion (95% Cl, $3.6 to $8 billion) (Smith et al.,
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1997). Hospitalizations accounted for half of this expenditure.

There is now clear evidence that asthma incidence and prevalence are increasing, 

especially in children (Robertson et ah, 1991), and in the developed world (Burney et ah, 

1990; Burr et al, 1989; Whincup et ah, 1993). A community-based study indicated 

increases in asthma incidence, over a twenty year period from 1964 to 1983, from 200 to 

280 per 100,000 population. The overall increase was mainly attributable to children 

between 1 and 14 years, and affected boys more than girls (Yunginger et ah, 1992). There 

are relatively few studies of asthma incidence in adults. However, data from the first 

National Health and Nutrition Examination Survey 1971-75 (NHANESI) and a 

subsequent follow-up survey 10 years later, calculated incidence of new-onset asthma to 

be 2.1 per 1000 per year, in those aged 25- 74 years (McWhorter et ah, 1989). A report 

from the Tucson Study of Airways Obstructive Disease during approximately the same 

time period found an incidence of 4.0 per 1000 per year in those over 19 years (Dodge & 

Burrows, 1980). Recent data from the National Health Survey (Collins, 1997) suggests 

that the prevalence rate of asthma has increased almost 50% in the last 10 years. Between 

1982 and 1992 the age adjusted prevalence rate for self-reported asthma increased by 

42%, from 35 to 49 per 1000, with the rate in males and females increasing by 29% and 

82%, respectively (Anonymous, 1995). In those aged 5 to 34 years the rate increased by 

52%, from 35 to 53 per 1000 population (Anonymous, 1995).

In addition, other recent analyses show that asthma-related mortality and 

hospitalization rates are increasing, especially among those less than 25 years of age 

(Anonymous, 1996). Thus, the annual age-specific asthma death rate increased 118% ,
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from 1.7 to 3.7 per million between 1980 and 1993, among those less than 25 years, with 

rates being highest among African Americans aged 15 - 24 years. The asthma mortality 

rate in the general population increased from 13.4 per million to 18.8 per million between 

1982 and 1991, an overall increase of 40% (Anonymous, 1995). During the same time 

period (1982 -93) the annual hospitalization rate increased 28%, from 16.8 to 21.4 per 

10,000 population for those under 25 years, with African Americans being over 3 times 

more likely to be hospitalized than Caucasians (Anonymous, 1996).

Risk Factors

While a genetic predisposition is clearly a major factor in the development of 

asthma (Sandford et ah, 1996), environmental factors are important determinants in the 

expression of the disease. The prevalence increase over recent decades is too great to be 

accounted for by genetic variation, and studies in migrating populations indicate a 

significant role for environmental determinants (Crane et ah, 1989). Early exposure to 

allergens appears to be associated with an increased risk of asthma (Sporik et ah, 1990; 

Wahn et ah, 1997; Peat et ah, 1990; Sherrill et ah, 1998). Such early life exposures during 

the development of the immune system may produce T-cells which make specific IgE on 

re-exposure to allergens later in life (Holt et ah, 1990). Several host factors have been 

associated with an increased risk of asthma. These include eczema (Horwood et ah,

1985), airway hyperresponsiveness and increased serum IgE (Burrows et ah, Sears et ah, 

1991), and low birth weight (Schwartz et ah, 1990). A low forced expiratory volume in 1 

second (FEVj) in children, as well as airway hyperresponsiveness has been demonstrated 

as a predictor of adult asthma (Gerrittsen et ah, 1991). Many studies identify male sex as
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a risk factor for childhood asthma (Sears, 1997; Wright et ah, 1996). In adults, asthma 

prevalence has been reported to be similar in males and females, although incidence rates 

were higher in females (McWhorter et ah, 1997).

Maternal smoking has been associated with asthma (Stoddard & Miller, 1995), 

although in the Tucson Children’s Respiratory Study parental smoking was a risk factor 

for cough without, but not with, wheezing (Wright et ah, 1996). However, maternal 

smoking during pregnancy is reported as a risk factor for early childhood asthma (Olivetti 

et ah, 1996; Lewis et ah, 1995; Stick et ah, 1996). During later childhood and 

adolescence the influence of environmental tobacco smoke is less pronounced 

(Chilmonczyk et ah, 1993; Stein et ah, 1997). Diet and environmental air pollution have 

also been suggested as contributing risk factors influencing the development of asthma 

(Peat, 1996; Sears, 1997).

The role of socio-economic-status (SES) in childhood asthma is not well defined. 

Although children from poorer families may have a higher wheezing prevalence, those 

from more affluent families may be more likely to be given a diagnosis of asthma, a 

reflection of differential access to health care (Sears, 1997). Studies in children suggest, 

however, a direct relation between higher asthma prevalence and mortality and lower 

SES, rather than race or ethnicity (K. B. Weiss et ah, 1992). In adults asthma has been 

shown to be more common in lower income groups, and to be independent of cigarette 

smoking (McWhorter et ah, 1989).
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Clinical Features and Pathophysiology

Clinically asthma is characterized by dyspnea, wheezing and cough (Jain & 

Golish, 1996). One of the well established characteristic features of asthma is bronchial 

hyperresponsiveness (BHR) or airway hyperreactivity (Curry, 1946; Boushey et ah,

1980), which is a condition of the airways causing them to narrow excessively in 

response to a provoking stimulus. Such stimuli include allergens, environmental irritants, 

viral respiratory infections, bronchial constriction drugs, (e.g., methacholine), cold air or 

exercise. BHR has been incorporated into definitions of asthma proposed by the 

American Thoracic Society (ATS, 1962,1987) and others (Toelle et ah, 1992). The 

majority of current definitions of asthma characterize it as reversible narrowing of the 

conducting airways of the lung, occurring either slowly or rapidly (ATS, 1987), with, as a 

rule, evidence of airway wall inflammation and eosinophilia (Bousquet et ah, 1990). The 

clinical manifestations of asthma are probably the result of a number of basic 

pathophysiological events in the airway (Bochner et ah, 1994). This pathology leads to 

the physiological response of BHR. However, although BHR is present in asthmatics, its 

presence alone does not verify the diagnosis (Pauwels et ah, 1988; Townly & Hopp, 

1988). Thus, while the severity of BHR has been shown to correlate strongly with the 

severity of asthma (Woolcock, 1985), it is also found in individuals without clinical 

symptoms of asthma (Hopp et ah, 1984; Woolcock et ah, 1987).

The pathological mechanisms involved in the clinical expression of asthma are 

very intricate: reversible airway obstruction, bronchial responsiveness to a variety of 

chemical and physical stimuli, inflammation and subsequent epithelial changes all play a
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role. Many mechanisms have been proposed in the development of asthma including: 

various consequences of inflammation involved in the response of the lung to viruses, 

allergens and other stimuli; abnormalities in the regulation of eosinophilic apoptosis; 

intrinsic abnormalities in the contractile and relaxing capacities of airway smooth muscle 

and autonomic nervous function; the control of airway tone by the adrenergic cholinergic, 

non-adrenergic and non-cholinergic nervous systems; and the size of the lungs and 

airways (Neijens, 1990; NAEP, 1992; Bochner et ah, 1994; Boushey & Fahy, 1995;

Sears, 1997; Hebestreit et ah, 1996).

Bronchial hyperresponsiveness and airway obstruction are initiated by 

inflammatory events in the airways. A complex cascade phenomenon is responsible for 

the inflammation of the airways. Cytokines and neuropeptides all play a role in 

controlling and amplifying this inflammatory cascade (Mellis & Woolcock, 1992). An 

initial trigger in asthma may cause the release of inflammatory mediators from bronchial 

mast cells, epithelial cells and macrophages (Wardlaw et ah, 1988; Bleeker, 1986). 

Triggers such as aeroallergens, result in the production of immunoglobulin E (IgE), 

causing an IgE mediated response, resulting in allergic inflammation. This is the most 

frequent underlying mechanism. Other triggers may not be IgE mediated, and there are 

probably other mechanisms besides allergic inflammation that lead to the symptoms of 

asthma (Sandford et ah, 1996), for example, exercise. The release of inflammatory 

mediators causes the directed migration and infiltration of an inflammatory infiltrate 

composed mainly of eosinophils and neutrophils. Leukotrienes are released and attract 

further cellular infiltrate. This process causes epithelial injury, abnormalities in neural
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mechanisms, increases in airway smooth muscle responsiveness, and airflow obstruction 

(NAEP, 1992). The airway lumen becomes narrowed, with thickening of the airway wall 

due to edema, infiltration of leukocytes, and hypertrophy and contraction of airway 

smooth muscle (Bochner et ah, 1994).

Genetic Epidemiology

Genetic epidemiology is a relatively new discipline; the term was first used by 

Morton and Chung (1978) to represent the merging of genetic concepts into 

epidemiologic studies.

Genetic epidemiology can be best described as the study of the role of genetic 

factors and their interaction with environmental factors in the occurrence of disease in 

human (or other organism) populations (Khoury, 1993). The main objective is to 

understand the role of genetic factors in the etiology of disease in human populations with 

the ultimate goal of gene isolation, disease control and prevention.

Classical epidemiologic methods of analysis include the study of illness 

distribution in families and family members to investigate whether diseases aggregate in 

families and if there is familial concordance. For example, a higher concordance rate 

between monozygotic compared with dizygotic twin pairs is indicative of the influence of 

genetic factors, assuming a similar environment for both sets of twins. In studies of 

families the prevalence rate of the disease in a general population may be compared to 

that in relatives of an affected individual. The risk ratio (X) is defined as the prevalence of 

the condition in first-degree relatives divided by that in the general population (Lander & 

Schork, 1994). A higher value is indicative of a greater genetic contribution. Other
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epidemiologic approaches may incorporate a family history of a disorder along with other 

risk factors, (e.g., environmental), to assess its relative contribution. The parameter 

heritability (H) is also used to indicate the extent of the genetic contribution. This is 

defined as the proportion of a population’s phenotypic variance that can be attributed to 

genetic factors (Sandford et ah, 1996).

These classic epidemiologic methods are essential in the study of the inheritance 

of a disease to establish whether or not diseases cluster in families and to assess risk 

factors that may be responsible for the familial aggregation. These approaches are the 

foundation for the next stage of analysis which attempts to determine the mode or 

mechanism of inheritance.

The statistical detection of inheritance patterns which conform to Mendelian ratios 

provides a way to infer the type of inheritance, mode of transmission and contribution of 

environmental factors. For this purpose, an analytic modeling method termed 

“segregation analysis’’ can be applied to pedigree or nuclear family data (Khoury et ah, 

1993). This methodology provides maximum likelihood estimators for meaningful 

genetic parameters, including gene frequencies and transmission probabilities (Elston & 

Stewart, 1971).

However, cultural inheritance and other environmental causes of familial 

correlation (e.g., viral transmission, shared environmental adversity) may mimic 

Mendelian transmission and other types of statistical genetic analysis are necessary to 

confirm genetic control. Linkage analysis, for example, plays a major role in genetic 

epidemiology because it identifies genetic loci associated with the disorder. Candidate
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gene or genome-wide searches may be conducted. A number of linkage analysis strategies 

exist, including the application of a model of inheritance detected using segregation 

analysis. It has been suggested that confirmation of linkage in multiple studies 

substantiates genetic transmission of a complex disease (Meyers, 1993).

Another method involves the detection of “associations” between the trait or 

disease and DNA markers, or gene polymorphisms, assuming close proximity to the 

disease gene in the population. The case-control approach is usually used. An important 

caution is that small differences in, for example, ethnicity, or regional genetic differences 

can significantly influence the findings of this method, leading often to spurious 

associations with disease.

However, no amount of statistical analysis can prove the existence of a major 

locus (Elston, 1980) and final evidence of genetic control requires the isolation of a gene 

(Meyers, 1993) applying positional cloning. The latter is a generic term referring to any of 

a variety of techniques used to localize a gene to a specific chromosome region, leading 

to its cloning, despite lack of knowledge of the gene product (Mueller & Young, 1995). 

Positional cloning would necessarily be followed by identification of a plausible gene 

product using in vitro translation.

Although these approaches to genetic epidemiology may appear hierarchical, it is 

important to emphasize that all these techniques are used concurrently, and segregation 

analyses are by no means mandatory. Since the whole human genome is densely covered 

by recognized polymorphic markers it has become feasible to easily screen the entire 

genome for asthma susceptibility genes. Whole genome and candidate gene searches have
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identified many possible linkages to asthma (Holgate, 1997; Anonymous, 1997). This is 

one of two main approaches that have been proposed for the study of complex phenotypes 

(Elston, 1993a). However, application of genetic linkage analysis to ill-defined, complex 

phenotypes for which the mode of inheritance is not well understood may yield results 

that are difficult to interpret (Risch, 1991). A second, more classic approach, and the 

foundation of this dissertation, suggests that linkage analysis of complex diseases should 

be based on prior segregation analysis to determine if there is evidence for a major gene, 

significantly influencing the heritability of the disease (Morton, 1990); this putative gene 

may then be more amenable to meaningful linkage analysis.

Familial aggregation of asthma. The familial aggregation of asthma was 

probably first cited as early as 1650 by Sennertus (Weiner et ah, 1936), and subsequently 

in the 1800s in Salter’s classical text, On Asthma: Its Pathology and Treatment (Salter, 

1860). Numerous more recent studies have shown that asthma runs in families (Sibbald & 

Turner-Warwick 1979; Lebowitz et ah, 1984). Estimates of heritability of liability of 

asthma as high as 60-70% have been reported (Duffy et ah, 1990). Concordance rates for 

monozygotic twins, reared apart or together, have been shown to be greater than in 

dizygotic twins reared apart or together (Hanson et ah, 1991). Values of A of 5 -  6 have 

been reported for asthma, given a general population prevalence of 4% and a prevalence 

of 20-25%  in first degree relatives. This compares with values of 4 for type II diabetes,

8 for schizophrenia, 15 for type I diabetes, and 20 -  50 for multiple sclerosis (Sandford et 

ah, 1996; Tienari, 1994). However, in prevalent diseases similar genetic contributions 

result in lower values of A. Thus the value of this risk ratio may be underestimated for
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asthma, compared to say multiple sclerosis where much lower prevalences of 30 -  80 per 

100,000 individuals are reported (Hallpike et al., 1983).

While there remains little doubt concerning a major hereditary component to the 

etiology of asthma, the classical Mendelian patterns of inheritance characteristic of single 

gene disorders have not been demonstrated (Sandford et ah, 1996; Burney, 1993; 

Anonymous, 1997).

Complexities of the genetics of asthma. In spite of major advances in the 

understanding of the physiology and treatment of asthma, as well as many reports of 

linkage of asthma phenotypes to markers mainly on chromosomes 11 and 5, (Boushey, 

1995; Sandford, 1996; Anonymous, 1997), the mechanisms responsible for the 

inheritance of asthma are not well understood. The study of the genetics of asthma is 

complicated by the disease’s complex natural history and the existence of more than one 

phenotype which is given the label asthma. Some investigators, for example, distinguish 

extrinsic and intrinsic asthma based on the presence of absence of an allergic component 

(Vervloet & Charpin, 1993). In addition, analyses of data from the Tucson Children’s 

Respiratory Study have indicated that at least two distinct syndromes associated with 

wheezing coexist up to the third year of life. While one of these syndromes has a good 

prognosis and does not usually persist beyond early childhood, the other shares many of 

the risk factors associated with asthma in older children (Martinez et ah, 1995). Asthma is 

also clinically heterogeneous, showing variability in age of onset and presentation, 

including the possibility of remission. Environmental factors also play a crucial role in 

expression of the disease (Sears, 1997). Several pathogenic processes also appear to play
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a role in the resulting clinical expression of the disease (see section titled “Clinical 

Features and Pathophysiology”). These mechanisms, together with the great phenotypic 

variability of the disease suggest it is not under the control of a monogenic two allele 

locus, but that several major and minor loci, plus a strong environmental determinant may 

be involved in its expression. This is what has been termed a complex phenotype (Elston, 

1993a).

Successful gene identification still relies on basic epidemiologic concepts like 

case identification and accuracy of diagnosis. In spite of advances in our knowledge of 

the genetics and pathogenesis of asthma, a comprehensive definition has been difficult to 

achieve. Recent statements have expanded on past definitions with the addition of certain 

cellular functions (NHLBIZWHO, 1995). However, with no standard way to define 

asthma a variety of methods have been used in epidemiologic studies, including subject 

reports of self or doctor diagnosis, record reviews and pulmonary function tests (Gregg, 

1983). Each method may select different population subsets (Samet, 1987).

Given these intricacies and the characterization of asthma as a complex phenotype 

there has been much emphasis on studying the genetics of phenotypes showing a strong 

association with asthma which may also cluster within families. The supposition is that 

such “intermediate phenotypes,” or more specifically the genes regulating their 

expression, may play a crucial role in the pathogenesis of asthma (Martinez, 1997). Thus 

each intermediate or subphenotype is a physiologic response and represents a separate 

specific phenotype, or phenotypic marker, necessary but not sufficient for the 

development of asthma (Levitt et ah, 1990). Phenotypic markers which could be



29

associated with asthma include BUR, increased serum total IgE, specific IgE antibody 

responsiveness to a single allergen complex, lung function measures, skin test reactivity, 

and eosinophilic inflammation of the lungs (Levitt et ah, 1990; Marsh, 1993). In this 

context, epidemiologic studies have shown high total serum IgE levels to be significantly 

related to the prevalence of asthma (Burrows et ah, 1989; Sears et ah, 1991) and asthma 

symptoms (Sherrill et ah, 1998). Consequently, serum IgE levels have been the focus of 

many genetic studies although there have been conflicting reports on its mode of 

inheritance (Martinez et ah, 1994). In addition to focusing on a subject’s report of a 

physician diagnosis of asthma (Gregg, 1983; Samet, 1997), this dissertation considers two 

possible intermediate or subphenotypes of asthma, namely, a lung function measure and 

blood eosinophil levels.

Lung function as an asthma subphenotvpe. Reports from the Tucson 

Children’s Respiratory Study have shown that baseline lung function measured in the 

early months of life may be an important determining factor in the expression of asthma

like symptoms (wheezing) in infants (Martinez et ah, 1988). Others have shown that 

asthmatics have consistent alterations in lung function with female asthmatics having 

increased lung size and male asthmatics having smaller airways (S. T. Weiss et ah, 1992). 

Whether these traits are a consequence of asthma or if they precede the development of 

the disease is not clear. Nonetheless, the finding of alterations in lung function 

immediately after birth suggests that such traits may be inherited. It has also been 

reported that airway function shows distinct tracking from infancy to age 6 years (Morgan 

et ah, 1991) and several investigators have shown substantial tracking of airway function



30

to adult life (Sherrill et ah, 1989). Studies of monozygotic and dizygotic twins estimate 

the heritability of forced expiratory volume in one second (FEV)), an important indicator 

of airway function, to range from 0.50 to 0.77 (Hubert et ah, 1982). Others have 

estimated generic heritability of EEVj ranging from 0.36 to 0.44, with little genetic 

heterogeneity due to ethnicity (Cotch et ah, 1990; Coultas et ah, 1991). Although 

polygenic inheritance is suspected, no family studies in general populations have reported 

the presence of a monogenic component (Chen et ah, 1996). However, in families with 

chronic obstructive pulmonary disease one study has provided evidence for a major 

codominant gene for EEVj (Rybicki et ah, 1990).

Blood eosinophil levels as an asthma subphenotype. Eosinophils play a part in 

the host defense mechanism against parasitic infections, as well as being important cells 

in many inflammatory disorders. They synthesize a number of cytotoxic and pro- 

inflammatory mediators, like basic proteins, cytokines, hydrolytic enzymes, oxygen 

metabolites and neuropeptides. During asthma episodes they are recruited to the lung, 

migrating from the blood vessels into the tissue through a succession of interactions 

between their surface adhesion molecules and the extracellular matrix or endothelial cells 

(Thomas & Warner., 1996). Upon exposure to mediators released from other leukocytes 

residing in the tissues, including eosinophils themselves, and released from respiratory 

tract epithelial cells, activation and extended survival of eosinophils occurs. Tissue 

damage and persistent lung inflammation is caused by release of eosinophilic mediators 

(Thomas & Warner, 1996).

High eosinophil counts are known to be associated with asthma (Gleich, 1990)
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suggesting this may be an intermediate phenotype for asthma amenable to genetic 

analysis. Eosinophil survival in vitro is maintained by a number of cytokines including 

interleukin (EL) 5, which prevent apoptosis, or programmed cell death (Yamaguchi et ah, 

1990). Evidence suggests that Fas/Fas ligand interactions are involved in eosinophil 

apoptosis, and it has been proposed that defects in this system may contribute to 

eosinophil accumulation in asthmatic and allergic conditions (Hebestreit et ah, 1996). 

Results have also suggested that apoptosis promotes the reduction of eosinophilic airway 

inflammation in the lung (Woolley et ah, 1996). In this context, a recent segregation 

analysis has shown a major gene expressed codominantly controlling interleukin (EL) 5 

production in families with subjects infected by Schistosoma mansoni, a helminth 

parasite(Rodriques et ah, 1996). However, few studies have assessed genetic and 

environmental influences on eosinophil levels. One twin study has indicated a heiitability 

of 24%, although a model with only environmental effects fit the data equally well (Dal 

Colletto et ah, 1993).

Explanation of the Dissertation Format 

This study is based on three papers which are appended to this dissertation. This 

subsection explains the relationship of the appended papers to the larger collaborative 

project and the dissertation author’s contribution to each of these papers.

The research on which this dissertation is based was conducted as part of the 

Tucson Children's Respiratory Study, a longitudinal study designed to investigate the risk 

factors for asthma and asthma-like symptoms, in addition to other respiratory illnesses,
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during childhood and young adulthood. Lynn M Taussig, M.D., former Head of Pediatrics 

and the Children's Research Center at the Arizona Health Sciences Center, was the 

original Principal Investigator of this study from its inception in 1980 through 1996.

Anne L. Wright, Ph.D., Wayne Morgan, M.D., and Fernando D. Martinez, M.D. were co

principal investigators. This study was supported by a National Heart Blood and Lung 

Institute (NHLBI) Specialized Center of Research Grant (HL -14136). Since 1996, 

funding has been though NHLBI grant HL-56177, with the Principal Investigator being 

Fernando D. Martinez, M.D., Director of the Respiratory Sciences Center at the Arizona 

Health Sciences Center. Anne L. Wright, Ph.D. is a co-principal investigator responsible 

for the day-to-day operation of the project. Duane L. Sherrill, Ph.D. is a co-investigator 

whose statistical expertise is used in all phases of the study. Marilyn Halonen, Ph.D. is a 

co-investigator responsible for immunologic aspects of the study. Wayne Morgan, M.D. 

is a co-investigator responsible for oversight of the physiologic studies in the Pulmonary 

Function Laboratory. Dr. Martinez is also funded by a Research Development Award to 

minority faculty, grant number HL - 03154-01, with a focus on genetic studies. The 

program package S.A.G.E. used in this study is supported by a US Public Health Service 

Resource Grant (1 P41 RR03655) to Robert C. Elston, Ph.D.

I have been involved with this project since it began in 1980. From 1986 -1996,1 

was a co-participating investigator, and since then have been a co-investigator. My 

responsibilities have included: (a) conducting my own research, including defining 

research hypotheses, analyzing data, preparing , presenting and publishing research 

papers; (b) collaborating with investigators (including visitors) and providing appropriate
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statistical consultation in the analysis of data; (c) managing the extensive data set of the 

Children's Respiratory Study, including original set up and ongoing database 

management, involving training, supervising and coordinating personnel in developing, 

updating, maintaining and editing the growing database as well as developing new 

protocols to ensure integrity of the database; (d) ongoing study planning and 

questionnaire development; and (e) assisting in the writing of research proposals.

I was the primary author for each of the papers appended to this dissertation. I 

conducted all of the data analysis, and wrote and prepared the papers for publication. I 

received guidance in analytic strategies from Fernando D Martinez M.D., Robert Elston 

PhD., a pioneer in genetic epidemiology, and Duane Sherrill. PhD. The first two papers 

are published in the American Journal of Respiratory and Critical Care Medicine, which 

has provided copyright permission. The third and final paper has been submitted to this 

same journal.
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PRESENT STUDY 

Introduction

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation in Appendices A - C. Following is a concise account of the 

main features of the study population and variable ascertainment, a detailed description of 

statistical methods, particularly for sections not covered explicitly in the papers, and a 

summary of each of the papers emphasizing their most important findings.

Methods

Population

The subjects for this study were drawn from families enrolled in the Tucson 

Children’s Respiratory Study, a large longitudinal study investigating the risk factors for 

asthma and other acute and chronic respiratory diseases in infancy and childhood 

(Taussig, 1989). Between 1980 and 1984, 1246 newborns (78% of those eligible) from 

1151 families were enrolled in the Children’s Respiratory Study. All families were 

members of one of the largest health maintenance organizations in Tucson, at that time, 

which was an enrollment requirement. Siblings were subsequently enrolled. Newborns 

had to be healthy to be enrolled and a number of neonatal medical problems precluded 

inclusion in the study, namely, use of oxygen and/or ventilator beyond 6 hours following 

birth, major congenital anomalies, congenital anomalies of the chest or lung, symptomatic 

congenital heart disease and any severe systemic disease. Apart from these requirements
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subjects were enrolled at random with respect to other respiratory diseases.

The parents of enrolled families compared with those who refused or who 

dropped out of the study in the first five years were slightly but significantly older, had 

more years of education, were more likely to be married and less likely to be Hispanic. In 

addition, families who refused or dropped out had fewer household members with a 

“history of allergy, hay fever, and other respiratory troubles” (Taussig et ah, 1989). There 

were no significant differences in household size, parity, or parental smoking status for 

those enrolled and those refusing. The population is generally middle-class, consisting of 

two main ethnic groups, reflecting Tucson’s population: Hispanic (20%), and non- 

Hispanic white (75%). At enrollment parents were, on average, in their late 20s and had 

14 years of education. Up to 1000 families were still being followed in 1996. At that time 

families had been followed for a mean of 13 years and an extensive data set acquired. 

Ascertainment of Variables

Study families have been followed at regular intervals by means of self completed 

or study nurse administered questionnaires. These have provided information on 

demographic variables, respiratory related health variables, and smoking status. Modified 

American Thoracic Society/Division of Lung Disease questionnaires were employed 

similar to those extensively tested and used as part of another large population 

Specialized Center of Research (SCOR) study in Tucson, Arizona (Lebowitz et ah, 1975), 

focusing on chronic airways obstructive disease. In addition, two in depth evaluations for 

parents and family members, when probands were approximately 6 and 10 years 

respectively, provided data on lung function, total serum IgE, allergy skin prick test, and
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complete blood cell counts (CBC) and differential. The third in depth evaluation is 

currently ongoing.

Data Management and Analysis

Data from questionnaires, worksheets, laboratory tests etc., have been, and are 

currently, coded (as necessary) by study nurses. Data are then entered into the computer 

by data entry personnel using data entry screens. These are created for each questionnaire, 

worksheet, etc. using Rbase System V (Rbase, 1996), which allows fast data entry and 

easy correction of any input error. Data are entered a second time for verification using a 

checking program written in the programming language C. Then, using the reports 

module of Rbase, files are formatted so that data can be entered into the database 

management system. All data are entered into the Scientific Information Retrieval (SIR) 

database management system (SIR, 1993). The database is maintained on a SUN 

workstation, within the Respiratory Sciences Center local area network. The Children’s 

Respiratory Study database consists of over 137,000 data records (83Mbytes from over 

116 data sheets and questionnaires).

Within the Children’s Respiratory Study database, probands who were enrolled 

from the same family were given unique household IDs. For the purposes of genetic 

studies these IDs are cross referenced with a family ID, which is the same for each family 

member. In addition, each family member has a person ID which identifies the individual 

within the family. Other variables describe the relationship of the individual within the 

family, for example, whether or not they are step parents or children, who are the 

biological parents, and whether children are monozygotic or dizygotic twins.
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It is possible using SIR to output a file containing phenotypic data, for example, 

asthma diagnosis, lung function or eosinophil levels. To expedite this process a 

phenotypic master file has been created, which is maintained using the Statistical Package 

for the Social Sciences (SPSS, 1990) software. This contains phenotypic data for all 

families included in this study, together of course with identification variables. From this 

SPSS file creation of ASCII files for all cases or subgroups is routine and allows interface 

with the Statistical Analysis for Genetic Epidemiology (SAGE, 1994) software. In 

addition, SPSS allows for versatile data manipulation to accommodate the needs of the 

SAGE software. Alternatively, custom programming may be employed.

Additionally, to ensure the integrity of the database, database specialists routinely 

inspect manually, all or random samples of matched databases. The initial step in all 

analysis is inspection of the frequencies and basic statistics of each variable. Anomalous 

values are noted and investigated. An example of such a value could be the date January 

1994 instead of 1995, which would give an incorrect age. Such anomalies are noted, 

investigated and corrected if necessary. Only when data is unambiguously incorrect, and 

the correct value is certain, will it be changed, otherwise it will be treated as missing. 

Application of these database management procedures at several levels of data entry and 

analysis has ensured that the Children’s Respiratory Study database is maintained at the 

highest level of integrity and completeness.

A name and address database for study families is maintained separately from the 

main SIR database. This database provides easy day to day access for personnel 

contacting study families. Interactive data screens have been developed for quick access
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to examine, update or edit information. For security purposes and anonymity, this name 

and address file is maintained under the original Children’s Respiratory Study household 

ED, and is not cross referenced at this level with the genetic family ID, any of the family 

relationship variables, or any phenotypic data. This ensures that personnel in contact with 

study subjects are unaware at this level of family phenotypes, and that the dissertation 

author, and other investigators are unaware of individuals’ names, ensuring anonymity. 

Statistical Methods

Overview. The patterns of illness within families can be assessed by calculating 

the correlation coefficients for the illness or trait between various pairs of family 

members, for example, parent-offspring or mother-father. Such statistics give an 

indication of the familial aggregation within the data set but do not give an indication of 

whether the trait may be inherited genetically, following Mendelian principles. The 

statistical detection of Mendelian ratios in the transmission of a trait from one generation 

to another is known as segregation analysis. This is a method of modeling data, to explain 

familial aggregation, in which assumptions about genetic and environmental trait 

determinants are translated into mathematical equations with a number of model 

parameters which are estimated. Model parameters are constrained to represent genetic or 

non-genetic hypothetical models and the likelihood or probability of the pattern of illness 

in each pedigree is calculated, under each hypothetical model. An unrestricted model, in 

which parameters are unconstrained represents the best fit to the observed data. If the 

pattern predicted by the model is not significantly different from the pattern of the 

observed data, as represented by the unrestricted model, then the model is considered to
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fit the data and provides evidence in its support. In contrast, if the model is significantly 

different from the observed data, then that model is rejected.

Segregation analyses for both discrete and continuous traits were used in this 

dissertation. The discrete dichotomous trait is the physician diagnosis of asthma, while 

the lung function measure EEVj and the blood eosinophil levels are the continuous traits. 

The methodology for each of these two trait types is essentially very similar, except that 

continuous traits rely on the normal distribution, while discrete traits use the logistic 

distribution. Regressive models were used in which distributions are made conditional on 

ancestors, in this case, where only nuclear families are available, these will be the parents.

Continuous traits. Pearson’s correlation coefficients for assessing the 

association of trait values between pairs of family members were calculated using the 

program FCOR within the Statistical Analysis for Genetic Epidemiology (SAGE, 1994) 

software package.

To examine the fit of postulated genetic and non-genetic (environmental) models 

to the data, segregation analysis using regressive models for continuous traits was applied 

(Bonney, 1984). In these models which are incorporated into the SAGE software package 

(SAGE, 1994) the distribution of a continuous trait is specified by conditioning each 

individual’s value on that of his or her progenitors without specifying a particular scheme 

of causal relationships (Bonney, 1984). These regressive models were implemented using 

the software program REGC (SAGE, 1994) for continuous traits. The model assumes the 

trait to be a linear function of the major genotypes, the phenotypes and the genotypes of 

antecedents, and other covariates. Mendelian inheritance, if present, is assumed to be



through a single autosomal locus with two alleles A and B. Therefore three types of 

individual are assumed, labeled AA, AB and BB. These types have been described as 

being dependent on an underlying qualitative factor “u,” where u = AA, AB or BB; they 

have been called “ousiotypes” or simply “types” (Cannings, 1978), and the “u” factor is 

assumed to be transmissible between generations. Two individuals may have the same 

type, only if the expected phenotypic distribution of their offspring by a given mate is 

identical, and this is true for every possible type of mate (SAGE, 1994). Types can be 

transmitted in both a Mendelian (genetic) and non-Mendelian (non-genetic, e.g., 

environmental, cultural) fashion. For genetic models, types correspond to the three 

possible genotypes transmitted in a Mendelian fashion. Thus, the segregation of a 

possible major locus is assessed by letting the mean, p, of a trait be dependent on type.

The incorporation of types requires the introduction of two additional sets of 

variables to the model, the type frequencies (t|/) and the transmission parameters (t). The 

population frequencies for the types iJju, for u = A A, AB and BB, must sum to 1. Random 

mating and Hardy-Weinberg equilibrium proportions are assumed (Elston, 1980). This 

means the type frequencies can be defined in terms of qA, the frequency of allele A, where 

the type frequencies are as follows:

^ aa — 4 a2’ 'I'ab — 2qA( l - clA); ^ bb — (1"4a)2 (1 )

Each transmission parameter (t) represents the probability of a parent of type u 

transmitting allele A to his or her offspring. For Mendelian transmission these correspond 

to — 1.0, — 0.5, Tbb — 0.0.

40



The model parameters are constrained to define each of 6 hypothetical models: 

Three genetic, namely, Mendelian arbitrary, dominant or recessive, and three non-genetic, 

namely, no major type and two environmental models. These are compared with an 

unrestricted model which is unconstrained and represents the best fit to the observed data. 

The no major type hypothesis implies that there is only one type distribution. This is also 

known as the sporadic model, which assumes all individuals are independent of one 

another. For the three Mendelian models the transmission probabilities of each type are 

fixed to their expected values (i.e., 1.0, 0.5, 0.0). The recessive and dominant models are 

each constrained to have two type distributions. For example, if a recessive allele, A, for 

higher lung function is inherited in a Mendelian fashion, only AA individuals will have 

high lung function, whereas AB and BB individuals will have similar lower levels of lung 

function. Alternatively, if allele A is a dominant allele for higher lung function both AA 

and AB individuals would be expected to have similar higher levels. The arbitrary major 

gene model has three type distributions and introduces no dominance constraint. The 

Mendelian codominant model is a special case of the Mendelian arbitrary model where 

the mean of the AB type distribution would be expected to fall midway between the AA 

and BB distribution means indicating possible expression of both alleles. For the 

environmental or non-genetic models types are assumed to exist in a mixture of 

distributions, possibly attributable to environmental factors, but not to be transmitted 

from generation to generation. The term “environmental” is to be interpreted broadly. In 

the first environmental model transmission probabilities are thus made equal to the gene 

frequency, assuming no heterogeneity between generations. The second environmental

41
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model allows for heterogeneity, but no transmission, between generations. In this case 

transmission probabilities, but not the gene frequency are constrained to be equal.

Evidence for a single major gene is considered to be present if three criteria are 

met (Elston et ah, 1975; Go et al., 1978; Demenais et ah, 1993), namely: (a) a model with 

more than one type fits the data significantly better than the no major type model; (b) the 

unrestricted model does not fit the data significantly better than the Mendelian models;

(c) the unrestricted model fits the data significantly better than the environmental model. 

The specific inheritance mechanism is then tested by comparing the fit of the recessive 

and dominant models to that of the arbitrary model.

Residual family effects represent any remaining familial correlation not accounted 

for by a particular model. The addition of residual family effects (for example, spouse- 

spouse, parent-offspring, sibling-sibling) to these models tests for the presence of a major 

gene plus an additional multifactorial component, representing genetic effects which may 

be non-Mendelian (polygenic), and/or the effects of a shared environment, beyond major 

gene segregation. Equivalent models, with and without residual family effects, are 

compared to assess the significance of residual effects. The same three criteria may be 

applied to assess whether a single locus plus an additional multifactorial component is a 

better fit to the data, compared with, for example, a model which has one distribution 

plus additional multifactorial effects which may be polygenic and/or environmental.

To evaluate specific hypotheses, the likelihood ratio test was used by taking the 

difference between twice the negative of the loge -  likelihoods of the models of interest. 

Under certain regularity conditions this difference has a %2 distribution and can be used to
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give a probability level, with the degrees of freedom being the difference in the number of 

parameters estimated between models. In cases where parameter estimates converge to 

bounds, the distribution of the %2 statistic is either unknown or follows a mixture 

distribution (Self & Liang, 1987). In these cases, probability was assessed at the midpoint 

of a range of degrees of freedom. Akaike’s information criteria (AIC) (Akaike, 1974) was 

also used to assess which model best fit the data in cases of competing nonhierarchical 

models, where one was not a subset of the other, (e.g., three distribution Mendelian and 

environmental models). This criterion weights the loge -  likelihood by the number of 

parameters estimated, and is calculated by adding twice the number of parameters 

estimated to twice the negative of the loge -  likelihood for each model. A numerical 

difference greater than 2 is considered significant (Jones, 1993), and has theoretical 

justification (Duong, 1984).

Etiologic heterogeneity between groups (e.g., ethnic groups) was assessed using a 

likelihood ratio test. Here, a similar model is fit to each subgroup of families and to the 

combined set, and a test for heterogeneity is computed as follows:

/
%2 = 2 [In L(model\all data) -  Z  L(model\ sub group z)] (2)

( = i

where I is the total number of subgroups, and the degrees of freedom are k(I -1) for 

models having k parameters (Khoury et al., 1993).

Since the assumption of normality conditional on type is critical for these methods 

(Elston, 1980), trait values were simultaneously normalized using the standard Box-Cox 

transform (Box & Cox, 1964), implemented within the SAGE software package (SAGE,
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1994). This transform computes Xx and X2, with the implied restriction that A2 > -T, where 

T is the smallest trait value. Each trait value t is replaced by

a / v d
if X^O, tG1ln(t+X2) if X^O. (3)

where tGl is the geometric mean defined as

TaI = [ n  ( v V ] ™  (4)
1 =  1

where is the trait value of individual i, and N  is the number of individuals in the data 

set. In the results the means of the type distributions have been recalculated from the Box- 

Cox transform means obtained for the different models as output by the SAGE software.

Depending on the assumed correlations between siblings, there are several classes 

of regressive models for continuous traits. Class D regressive models have been used, 

which assume that correlations between siblings are equal (i.e., do not depend on the 

sibling’s rank) but are not due to common parentage alone (Bonney, 1986). Essentially 

this accounts for sibling correlations which are higher than the parent-offspring 

correlations. Application of these models to continuous data has been shown to yield 

results equivalent to those of mixed models (Demenais & Bonney, 1989; Morton et al., 

1991). Recent data simulations have shown these models to be robust and not susceptible 

to false inference of a major gene caused by the presence of polygenic heritability or by 

environmentally caused skewness or platykurtosis (Go et al., 1978; Demenais et ah,

1993). In addition, these models are resistant to spurious associations, particularly when
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the three criteria described above are met (McGuffin & Huckle, 1990).

Discrete traits. Determination of familial correlations between pairs of family 

members also employed the program FCOR in the SAGE software (SAGE, 1994). The 

methodology for discrete traits employs many of the same parameters as for continuous 

traits, for example, the transmission parameters (t), the type frequencies (i|/) and the allele 

frequency qA are all equivalent. Again random mating and Hardy-Weinberg equilibrium 

are assumed. Hypothesis testing is entirely equivalent. These aspects have been discussed 

above under the section titled “Continuous Traits” and will not be repeated here.

The main difference between the two methods is the type of distribution involved, 

and the parameters which represent the type (u) distributions. In continuous traits the 

mean, p, for each distribution is determined, relying on a normal distribution. For discrete 

traits the susceptibility (y) for each type, u, is estimated and a logistic model is employed 

to avoid penetrances less than zero and greater than one. Susceptibility is defined as the 

probability of being susceptible to the affected state, and is given as the probability of 

being affected during an individuals lifetime up to age infinity. For discrete traits, 

therefore, the probability distribution of the trait is specified by conditioning each 

individuals observations (affectation status) on those of the individuals progenitors.

Segregation analyses were performed for discrete traits which allow for variable 

age of onset (Elston & Yelverton, 1975) and use the logistic distribution (Bonney, 1986; 

Elston & George, 1989). Within the SAGE software package (SAGE, 1994) the program 

REGTL is designed for the segregation analysis either of a truncated trait which follows a 

logistic distribution, such as age of onset, or of the disease susceptibilities. The general
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model allows for the susceptibilities and the age of onset to be genotype specific although 

in practice only one or the other is as the two parameters tend to be confounded (Elston, 

1980). The specific model used in this study assessed the segregation of a possible major 

locus by letting the susceptibility parameter, y, depend on the underlying type u, where u 

= AA, AB and BB, i.e., up to 3 susceptibilities are estimated. In this model, age of onset 

parameters common to all types are modeled. These models have the advantage that they 

eliminate bias, caused by the fact that ages of onset cannot be observed after the age at 

examination, by allowing for a variable age of onset and age at examination. It is assumed 

that there are individuals in the population who are susceptible to the disease, and hence 

potentially have an age of onset. Accordingly, age at the time of ascertainment of asthma 

is allowed for in analyses since an individual unaffected at an older age would be less 

likely, in this case, to carry a predisposing gene than an individual unaffected at an early 

age. Age of onset is assumed to have a logistic distribution (possibly after transformation) 

with age coefficient cc, and baseline parameter (3. Both a and |3 can be sex dependent. The 

best age transformation is computed concurrently with other parameters in the model 

using the standardized Box-Cox transform (Box & Cox, 1964) implemented within the 

SAGE software.

Other components which may cause adjustments are residual familial effects. 

Residual parent and spouse effects were each assessed using two dummy variables 

representing the unaffected and the affected conditions. Four effects were estimated, dPu, 

5Pa, 6Spu, and dSpa, representing parent unaffected and affected, and spouse unaffected 

and affected. These are equivalent to parent-offspring and spousal correlations; a positive
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correlation is compatible with positive affected and negative unaffected parameters, and 

vice versa (Demenais et ah, 1992). Covariate effects, C, may also be accounted for in this 

model. The phenotypic distribution function is the probability of being affected at a given 

age of onset, or of being unaffected at the age of ascertainment, conditional on type, u, 

sex, the phenotypes of the parents and spouse, and any covariates entered into the model 

(SAGE, 1994)

These discrete regressive models are implemented under a class A model in which 

sibling’s traits are assumed to be related to one another because of common parentage 

alone, without any residual sibling correlation which may possibly be due to a shared 

common environment (Bonney, 1986). The class A model satisfies the condition

Pss
2ppo
+ Pfm )

(5)

where pss is the sibling correlation, Pp0 is the parent-offspring correlation and p ^  is the 

spouse correlation (Bonney, 1986). It follows that large negative spousal correlation can 

lead to increased sibling correlation. Data simulations have indicated that when there is 

excess of sibling correlation with respect to the parent-offspring correlation, the class A 

model is not robust, leading to false inference of a major gene (Demenais et ah, 1992). 

Within empirical family data it is often the case that the sibling correlation exceeds that 

of the parent-offspring correlation. The class D regressive model can accommodate such 

a sibling correlation under the assumption that sibling correlations are equal but not 

necessarily due to common parentage alone (Bonney, 1986). Class D regressive models
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are implemented in the SAGE software for continuous traits only being computationally 

more intensive under the multiple logistic regressive model for discrete traits (Bonney, 

1986).

Accordingly, two methods of implementing a class D model using the class A 

software were developed, in this study, for the purpose of accounting for sibling 

correlation beyond that due to common parentage. The first method introduced two 

covariates representing the number of preceding siblings unaffected and affected with 

asthma. This method still suffers the disadvantage that the likelihood is dependent on the 

order of the siblings within a sibship (Elston, 1993b). The second method used the 

relationships discussed above for equation (5) to emulate a class D regressive model 

within the class A procedure by allowing for a negative spouse correlation. Thus when 

the likelihood of distributions over pedigrees is made conditional on the parents 

phenotype by using an ascertainment correction, adjustment for parental effects accounts 

for sibling-sibling correlations beyond those due to common parentage. This method has 

the advantage that the likelihood is not dependent on the order of the siblings.

Power. Unlike the usual statistical approaches used in epidemiology, the various 

null hypotheses tested in segregation analysis are composite and without a single 

alternative model, there are a large number of competing hypothetical models to consider. 

These include the simplest “no major type” one distribution model without residual 

family effects, and more complex models. For example, a more complex model may 

consider Mendelian transmission between parent and offspring, perhaps with additional 

multifactorial effects, and even different sex distributions and variances. Families with
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larger sibships are generally considered to be more informative (Khoury et al., 1993), 

although data simulations indicate that power may be driven more by the total number of 

subjects than the size of sibships (Borecki et ah, 1994). Power is also related to the gene 

effect size (MacLean et ah, 1975). Some studies have used data simulations to test a few 

specific hypotheses, assuming nuclear families. By way of example, using the tables in 

Wong and Rotter (1984): for a null hypothesis that supposes the trait is inherited in a 

recessive fashion, when the true mode of inheritance is dominant, then for an alpha level 

of 0.05, and a power of 80% approximately 13 sibships of size 3 would be required. 

Alternatively, applying the information in Borecki et al. (1994), for an alpha level of 0.05, 

a trait prevalence of 20%, an allele frequency of 0.106, with 36% of the variance due to a 

major gene, assuming a dominant mode of inheritance and including a moderate level of 

additional polygenic variability, then 100 nuclear families with 2 parents and 3 offspring 

would provide 93% power to reject a null hypothesis of no major type. Under similar 

conditions, but with recessive inheritance and an allele frequency of 0.447,150 families 

with 2 parents and 3 children would have 96% power, 100 families 73% power. Clearly 

relevant and definite statements about power are difficult to make.

The average sibship size in the present study is fairly small, approximately 1.7. 

However, the number of families included for most analyses is relatively large. Clear 

evidence for a major autosomal gene controlling serum IgE levels and inherited in a 

codominant fashion has been shown in Children’s Respiratory Study populations of 50 

Hispanic families (191 individuals) and 241 non-Hispanic white families (886 

individuals) (Martinez et al., 1994). Although differences existed in the mode of
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inheritance, this is in agreement with other studies, some with a smaller number of 

nuclear families (Marsh et ah, 1974; Gerrard et ah, 1978; Meyers et ah, 1991). This 

suggests that in the Children’s Respiratory Study population there should be adequate 

power to detect major autosomal genes, for the phenotypes considered, should they exist.

Ascertainment. In genetic epidemiology the term ascertainment bias is used to 

refer only to biases that may affect the distribution of illness within a family. 

Ascertainment bias occurs when families are not sampled randomly from the population. 

For example, if families are recruited through one child who has asthma. The proband is 

the individual with the illness who independently leads to that family being recruited 

(Faraone & Tsuang, 1995).

One of the great strengths of the Tucson Children’s Respiratory Study is that 

families were selected at random with respect to asthma or other respiratory diseases; the 

proband in this case was recruited irrespective of disease status and therefore it is, in 

general, unnecessary to employ an ascertainment correction. Such a correction was 

necessary in one analysis which selected only families with at least one asthmatic member 

to investigate the inheritance of lung function. In this analysis the following hierarchical 

rules were implemented to choose the proband: (1) The first sibling with a physician 

diagnosis of asthma. 2) If only one parent had a diagnosis in the family he or she was 

chosen. 3) In a case where both parents and no offspring had diagnoses, the proband was 

selected randomly between the two parents.

The ascertainment correction employed conditioned the full likelihood function 

on the likelihood of the proband, using ascertainment option 2 for the program REGC in
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the SAGE software (SAGE, 1994). This full likelihood approach is comparable to 

dividing the unconditional likelihood function by the probability that a random individual 

is affected assuming all probands are independently ascertained (Elston, 1981). The effect 

of ascertainment bias is greatest on estimators of population parameters, for example the 

allele frequency, qA, and is likely to have a much smaller effect on transmission 

parameters (t’s) (Khoury, 1993).

Summary of Segregation Analysis and Hypothesis Testing. Segregation 

analysis involves the statistical detection of Mendelian patterns of inheritance in the 

transmission of a trait from one generation to another. To demonstrate that a gene is 

segregating in the family data it is essential to show a mixture of distributions as well as 

Mendelian transmission between generations, using the three criteria mentioned 

previously. The hypotheses tested are composite with each of a group of at least six 

individual models (no major type, Mendelian arbitrary, dominant, recessive, and 

environmental with and without founder heterogeneity) being tested for significance 

against an unrestricted model with the same number of individuals, in which parameters 

are unconstrained, best representing the data. Thus, there are 64 different combinations of 

sets of six models in which each model has the possibility of being significantly different 

or not from the unrestricted model. In addition, the set of six models is also assessed with 

and without residual family effects (REE) to give a total of 128 different combinations. 

Further comparisons will be made between and within sets of models, with the same 

number of individuals, with and without REE. Bearing this in mind, Table 1 attempts to 

offer simple guidelines to hypothesis testing for a number of different modes of
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inheritance and/or environmental effects, with the caveats that the table is not exhaustive, 

some combinations of the possible six models may be unlikely and/or ambiguous, and 

not all potential combinations are represented. For example, analyses with RFE could 

meet the three criteria for a major gene, with an improvement in fit of a Mendelian model 

plus RFE beyond the Mendelian model without RFE, but there may be no improvement 

in fit with the addition of RFE to an environmental model. This could indicate that the 

familial aggregation is also well accounted for by a mixture of distributions without 

Mendelian transmission.
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Table 1

Guidelines for Testing Different Modes of Inheritance

Model/Mode Description Test

1. Sporadic No familial correlations; all No evidence for a major

family members independent gene using 3 criteria* and

of one another. REE** not significant 

beyond the no major type 

model.

2. Polygenic/ Many genetic loci and/or No evidence for a single

Multifactorial environmental factors account major gene or oligogenes

for familial correlations. but REE** are significant 

beyond the no major type 

model.

3. Single Major Gene One genetic locus segregating Meets 3 criteria* and

in the family data detected familial correlations are

statistically. totally accounted for by

Mendelian model without 

REE**, i.e., no 

improvement in fit for 

Mendelian model plus 

REE** beyond Mendelian 

model without REE.

4. Single Major Gene One genetic locus segregating Meets 3 criteria* with (and

plus polygenic/ plus additional effects possibly without) REE.**

multifactorial effects. associated with a similar Addition of REE** to

environment or polygenes. Mendelian model 

significantly improves 

goodness of fit.
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° 3&4(A). Single

Major Gene: 

Dominant or. 

Recessive 

0 3&4(B). Single

Major Gene 

significant in 

polygenic/ 

multifactorial 

context

o 3&4(C). REE** 

significant beyond 

Mendelian model/ 

Major Gene 

significant in 

“mixed” model 

context 

5. Oligogenic

Dominant or recessive 

model, respectively, not 

significantly different from 

Mendelian arbitrary model. 

Best fitting Mendelian 

model plus REE** fits data 

significantly better than no 

major type model plus 

REE**

Significant improvement in 

fit for Mendelian model 

plus REE** beyond 

Mendelian model without 

REE**

Does not meet 3 criteria* 

for single major gene but 

Mendelian model(s) fit 

data significantly better 

than both the no major type 

and the environmental

A few genes segregating in 

the family data detected 

statistically.

models.
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6. Oligogenic plus A few genes segregating in Does not meet 3 criteria”

additional polygenic/ the family data detected for single major gene but

multifactorial effects statistically plus additional Mendelian model(s) fit

effects associated with a data significantly better

similar environment or than both the no major type

polygenes. and the environmental 

models plus REE** 

provide significant 

improvement in fit beyond 

Mendelian models.

° 5&6(A). A few genes segregating in Does not meet 3 criteria*

Oligogenic with the family data including a for single major gene but

recessive or recessive or dominant Mendelian model(s) fit

dominant component detected data significantly better

component with/ statistically with/without than both the no major type

without additional additional effects associated and the environmental

polygenic/ with a similar environment or models. Mendelian

multifactorial polygenes. dominant or recessive

effects model, respectively, not 

significantly different from 

Mendelian arbitrary model 

with/without REE** 

providing significant 

improvement in fit beyond 

Mendelian models

7. Environmental More than one distribution Does not meet 3 criteria *

but no evidence for for single major gene.

Mendelian transmission. Environmental model is

best fitting model.
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.8. Environmental plus More than one distribution 

additional polygenic/ but no evidence for

multifactorial factors Mendelian transmission.

for single major gene. 

Environmental model is

Does not meet 3 criteria*

Additional polygenic/ 

multifactorial factors.

best fitting model with 

significant improvement in

fit with addition of REE.**

* Three criteria to infer a single major gene: (1) a model with more than one type of 

distribution fits the data significantly better than the no major type model; (2) the 

unrestricted model does not fit the data significantly better than the Mendelian model(s); 

(3) the unrestricted model fits the data significantly better than the environmental model.

** REE: Residual family effects.

Summary of the Three Papers Included in this Dissertation 

Segregation Analysis of Physician-Diagnosed Asthma in Hispanic and Non-Hispanic 

White Families

Specific Aim. To investigate inheritance patterns associated with asthma 

susceptibility or age of asthma onset, and to determine whether a major autosomal gene 

can account for the familial aggregation of asthma. In addition, since high total serum IgE 

levels are strongly associated with asthma its impact as a covariate is investigated.

Synopsis of methods. The population for this study comprised 906 nuclear 

families with a total of 3,369 individuals with complete information on the presence or 

absence of a physician diagnosis of asthma. Information on the prevalence of physician 

diagnosis of asthma and the age at which the diagnosis was made was ascertained by
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questionnaires completed separately for each family member by the parents. Mean age of 

children at the time of questionnaire completion was 7 years. Serum IgE levels were 

ascertained for all family members when children were approximately 6 years of age.

Segregation analysis for discrete traits using regressive models was performed to 

examine the fit of postulated genetic and nongenetic models to the data. Age at the time 

of determination of affection status (i.e., at the time of the questionnaire), and age of 

asthma onset, assumed to be the same as age at diagnosis, were allowed for in all models. 

Analyses were also performed separately for families who were Hispanic, non-Hispanic 

white and those with one Hispanic and one non-Hispanic white parent.

Three types of segregation analysis were conducted. First the effect of a major 

gene in the absence of an additional multifactorial component was assessed. The 

remaining segregation analyses used two different ways to examine the effect of the 

addition of residual family effects to test for the presence of a multifactorial component. 

The first method involved creating two covariates representing the number of preceding 

siblings unaffected and affected with asthma. These variables were added to the analysis 

together with residual spouse and parent-offspring effects. However, under the multiple 

logistic regressive model used for discrete traits (Bonney, 1986) this method still suffers 

the disadvantage that the likelihood depends on the order of siblings within a sibship 

(Elston, 1993b). The second method was not dependent on the sibling order, and 

emulated a class D regressive model, where the sibling correlation can be larger than the 

parent-offspring correlation, using the class A procedure (sibling and parent offspring 

effect equal) by considering the likelihood conditional on the parent’s phenotypes



58

(MacLean et al., 1975).

Results. There was a significant correlation for asthma between parents and 

offspring (pP0 = 0.09, p < 0.001) and between siblings (pss = 0.22, p < 0.001). Asthma 

was not significantly correlated between spouses, (p ^  = -0.06). The results of the first 

segregation analysis modeling for a major gene without an additional multifactorial 

component indicated that all models, both genetic and nongenetic were rejected. Thus, the 

hypothesis of a single two allele locus, without an additional multifactorial component, 

responsible for asthma susceptibility was rejected. The second segregation analysis which 

added parent, spouse and sibling residual family effects also resulted in the rejection of all 

genetic and nongenetic models. However, there was a strong familial effect, each 

component ( parent, sibling, spouse) of which was significant. The third segregation 

analysis which emulated a class D regressive model by adding residual family effects 

(spouse and parent) and conditioned on the parent's phenotype also resulted in the 

rejection of the nongenetic and Mendelian (genetic) models. However, in this analysis all 

the Mendelian models fit the data significantly better than the “no major type” one 

distribution model (p < 0.01 for Mendelian dominant, recessive and arbitrary). In this 

case when only susceptibility is dependent on type (u) the “no major type” and the 

environmental models are identical. In addition, the Mendelian arbitrary model which 

does not constrain the susceptibility of types, resembled and was not significantly 

different from the Mendelian recessive model (p > 0.10), although it was significantly 

different from the Mendelian dominant model (p < 0.05). These data are compatible with 

an oligogenic (a few genes) mode of inheritance showing some evidence for a recessive
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component for asthma susceptibility with an estimated frequency of 0.67 +/- 0.11. A 

comparison of this inodel with the recessive model which did not include residual family 

effects indicated there was a significant (p < 0.001) additional familial component 

contributing to asthma susceptibility, beyond that accounted for by Mendelian 

inheritance.

Results were unchanged with the addition of the covariate serum IgE level. No 

significant heterogeneity across ethnic groups was demonstrated.

Discussion. Results suggest that the inheritance of asthma is mediated by a strong 

familial component, taking the form of an oligogenic (a few genes) mode of inheritance 

with evidence for a recessive Mendelian component with an estimated population gene 

frequency of 0.67 +/- 0.11, and an additional polygenic /multifactorial component, all of 

which may influence the phenotypic expression of the disease. In this same population 

segregation analyses indicated a putative major gene for serum IgE levels, expressed in a 

codominant fashion, with a population gene frequency of 0.34 (Martinez et al., 1994). 

Total serum IgE levels have been shown to be strongly associated with the risk of 

developing asthma in population samples (Burrows et al., 1989). The recessive 

component described herein could well be different from this putative major gene; the 

addition of the covariate IgE to the analyses resulted in the same oligogenic mode of 

inheritance, and the gene frequency is much higher than that described for serum IgE 

levels.

Nonetheless, while there is some evidence that a recessive gene may be 

segregating in these families, the possibility of more than one gene with similar
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influences cannot be discounted. The second segregation analysis, (unconditional class D 

model) accounted for a sibling correlation greater than the parent-offspring correlation 

but remained dependent on the siblings order. This analysis allowed for the rejection of 

all genetic and nongenetic models, but indicated the presence of a significant familial 

component. Such results are consistent with a polygenic/multifactorial mode of 

inheritance. Only the third segregation analysis which could account for a sibling 

correlation over and above the parent -offspring correlation without being dependent on 

the order of the siblings indicated the possibility of an oligogenic mode of inheritance and 

a recessive component. Therefore, depending on the method of assessment of the residual 

family effects, either a polygenic/multifactorial mode of inheritance, or an oligogenic 

mode with a possible recessive component were compatible with the data.

Differences in Familial Segregation of FEY, Between Asthmatic and Nonasthmatic 

Families: Role of a Maternal Component

Specific Aim. To investigate inheritance patterns associated with the 

determination of lung function levels in family data. Also, to investigate genetic 

heterogeneity in families with and without asthmatic members.

Synopsis of Methods. The study population comprised 309 families who had 

both parents and at least one child with FEV1 data. A total of 1,163 individuals were 

included. Spirometry had been performed with a pneumotachograph for parents and any 

children over approximately 6 years of age during an initial in depth evaluation. Younger 

children were evaluated approximately four years later. FEV1 values were adjusted for 

height, age and gender within ethnic group. Individual values were expressed as Z-scored
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residuals. Questionnaires administered at the time of the lung function test provided 

information on asthma, smoking and environmental tobacco smoke (ETS) exposure 

status.

Segregation analysis for continuous traits using regressive models was performed 

to examine the fit of postulated genetic and nongenetic models to the data (Bonney, 

1984). Analyses were performed with and without active smoking, ETS exposure, and 

current asthma status as covariates, within ethnic groups and for the total group. Ethnic 

groups included were Hispanic, non-Hispanic white and those with one Hispanic and one 

non-Hispanic white parent. Analyses were also conducted, with ascertainment correction, 

for the 87 families (328 individuals) who had at least one family member with current 

physician diagnosed asthma, and for the 222 remaining families with no asthmatic 

members. No significant heterogeneity across ethnic group was detected. However, there 

was significant heterogeneity between families with and without asthmatic members, 

therefore separate analyses were performed for these two groups.

Results. The spouse-spouse correlations in both groups were low and not 

statistically significant. Parent-offspring correlations were higher and statistically 

significant (pP0 = 0.16 and 0.21 for asthmatic and nonasthmatic families respectively), 

suggesting intergenerational transmission. Sibling correlations were higher than parent- 

offspring correlations (pss = 0.40 and 0.26 for asthmatic and nonasthmatic families) 

suggesting as well as intergenerational transmission, variance due to dominance or 

additional family associations perhaps due to sharing a common environment. In families 

with asthmatic members the mother-offspring correlation (p = 0.26) was statistically



significant and higher than the non significant father-offspring correlation (p = 0.06). In 

families with no asthmatic members both the mother-offspring (p = 0.18) and the father- 

offspring (p = 0.23) correlations were both significant.

In families without asthmatic members segregation analyses with residual family 

effects with or without covariates resulted in the rejection of all genetic and non-genetic 

models. However, there was a significant familial component over and above all models 

tested. In addition, there was no significant difference between the “no major type” one 

distribution model, and either the three distribution genetic model or the environmental 

models. These findings are consistent with a polygenic/multifactorial mode of 

inheritance.

In families with asthmatic members, segregation analyses with residual family 

effects, with covariates, allowed the rejection of the environmental models. However, the 

genetic (Mendelian) models were not rejected and the Mendelian arbitrary and recessive 

models fit the data better than the Mendelian dominant model. But, the “no major type” 

one distribution hypothesis was also not rejected (although borderline), suggesting that a 

polygenic/multifactorial model fits the data as well as the Mendelian single locus model 

plus additional genetic/multifactorial effects (“mixed” model). In addition, residual 

family effects were not significant over and above the non genetic environmental model, 

suggesting that non-transmissible environmental factors responsible for the mixture of 

distributions could not be ruled out.

A further segregation analysis in asthmatic families assessed both mother

offspring and father-offspring effects separately. Since father-offspring effects were not

62
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statistically significant a final analysis fixed the residual father-offspring effect to zero. 

Now both the “no major type” one distribution and the environmental models were 

rejected, while the Mendelian hypotheses were not. The Mendelian recessive model plus 

residual family effects was also significantly different from the “no major type” one 

distribution plus residual family effects (polygenic) model ( p <0.04). This suggests the 

possibility of a genetic component expressed in a recessive fashion. The putative 

recessive allele A identified has a gene frequency of 0.30 +/- 0.10, and is associated with 

a homozygous phenotype of higher FEV1 in about 9% of this population. However, 

residual family effects were again not significant in the environmental model, failing to 

rule out non-transmissible environmental factors accounting for the familial aggregation.

Discussion. Results indicate significant heterogeneity in the control of lung 

function (FEVj) between families with and without asthmatic members. This suggests 

different generic and/or other etiologic determinants associated with the FEV) phenotype 

in these two groups. The differences in familial correlations between the two groups 

contribute to this heterogeneity. In families without asthmatic members no Mendelian 

components were demonstrated but a significant familial effect indicated a strong 

polygenic/multifactorial mode of inheritance. Also both maternal- and paternal- offspring 

correlations were statistically significant. In contrast, in families with asthmatic members 

there was evidence for a Mendelian recessive element in addition to 

polygenic/multifactorial components. However, only the maternal-offspring correlation 

was statistically significant suggesting that a main component of intergenerational 

correlation in these families is associated with a maternal influence, either
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environmentally or genetically mediated. Possible interpretations for this maternal 

influence include intrauterine environmental influences (Martinez, 1995) (which evidence 

suggests is associated with the development of atopy or asthma in the child), post-natal 

maternal effects and uniparental genetic transmission; the latter supported by studies 

demonstrating the transmission of atopy only through the maternal line (Cookson et ah, 

1992).

Lung function is probably affected by a number of determinants and the finding of 

polygenic control in families without asthmatic members is realistic and supports the 

findings of other studies (Chen et ah, 1996). In contrast, alterations in lung function 

associated with disease, for example asthma, are more likely to be associated with a 

single or few genes, possibly unrelated to those determining lung function in families 

with no asthmatic members. The weak evidence found in this study for a recessive 

genetic component in asthmatic families, in addition to a codominant gene demonstrated 

in families with chronic obstructive pulmonary disease (Rybicki et ah, 1990) support this 

notion. Nevertheless, the possibility of common environmental factors accounting for the 

familial aggregation in the asthmatic families was not ruled out.

Familial Aggregation and Segregation Analysis of Eosinophil Levels

Specific Aim. To investigate familial aggregation of eosinophil levels, and to 

examine patterns of inheritance associated with this intermediate asthma phenotype.

Synopsis of Methods. The study population comprised 644 nuclear families with 

a total of 2097 individuals with information on eosinophil levels. Blood was drawn for 

determination of eosinophil and serum IgE levels when children were at a mean age of 8
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years. Eosinophil levels were expressed as the number per mm3 and adjusted for age, 

gender, ethnic group, year and season when blood was drawn. The final variable was 

expressed as Z-scored residuals. Questionnaires at the time of the blood draw assessed 

smoking and asthma status.

Segregation analysis using class D regressive models for continuous traits was 

applied to examine the fit of postulated genetic and non-genetic models to the data. 

Analyses were performed for families who were Hispanic, non-EQspanic white and those 

with one Hispanic and one non-Ehspanic parent. Smoking and asthmatic status, and 

serum IgE levels were assessed as covariates.

Results. Significant familial correlations were seen only in non-Ehspanic white 

families and significant heterogeneity was demonstrated by ethnic group (p < 0.001). 

Further analysis was therefore limited to the 458 non-Hispanic white families, with 1482 

members with information on eosinophil levels.

Adjusting for season and year of blood draw had the effect of decreasing the 

spouse -spouse correlation from p = 0.12, p < 0.05, to p = 0.05, which was not 

statistically significant. Parent-offspring and sibling correlations were statistically 

significant (p = 0.16, and 0.32 respectively, both p < 0.001), indicating intergenerational 

transmission. The sibling correlation over and above the parent -offspring implies 

variance due to dominance or family associations beyond that due to common parentage, 

like the effects of a common environment.

The first segregation analysis with residual family effects without covariates 

allowed for the rejection of all models, providing no evidence for a major gene with two
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alleles. However, genetic and non-genetic models with up to 3 distributions fit the data 

better than the one distribution “no major type” model (p < 0.001 for both). Thus, either 

intergenerational transmission with no evidence for a major gene, or non-transmissible 

environmental factors could account for the multiple distributions. In addition, only the 

maternal-offspring and sibling effects were statistically significant, over and above all 

models tested (p < 0,001 for both). So beyond the evidence for more than one distribution 

there are significant familial effects representing a polygenic/multifactorial component 

with a strong maternal influence.

A second segregation analysis added two covariates, namely, currently and not 

currently active physician diagnosed asthma, which were of statistical and borderline 

significance (p < 0.001 and p = 0.07). Again all Mendelian models were rejected 

implying no clear evidence for a major gene with 2 alleles. All non-genetic models were 

also rejected. However, now the Mendelian arbitrary model was significantly different 

from the “no major type” model (p < 0.001) and fit the data better than the environmental 

models using the Aikake’s information criteria (AIC). The parameter estimates of the 

type means (p) indicated that all the Mendelian models represented a recessive model 

with a gene frequency +/- standard deviation of 0.14 +/- 0.16 . Allele A was associated 

with very low eosinophil levels. These data are consistent with an oligogenic (a few 

genes) mode of inheritance and show evidence for a recessive component. Furthermore, 

only maternal-offspring and sibling correlations were statistically significant over and 

above the recessive model (p < 0.001 for both). These additional familial effects may 

include both genetic (polygenic) and environmental components (i.e.,
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polygenic/multifactorial) with a strong maternal mediation. These results were not 

influenced by the addition of smoking status or serum IgE levels as covariates.

Discussion. Results suggest an oligogenic mode of inheritance with an infrequent 

recessive genetic component in non-Hispanic white families associated with low levels of 

circulating eosinophils in approximately 2% of this population. Beyond this Mendelian 

recessive component there were additional residual familial effects with a strong maternal 

influence. These represent the effect of other genes acting in a non-Mendelian fashion 

and/or non transmissible environmental effects, i.e., polygenic/multifactorial. There were 

no significant familial correlations in other ethnic groups and heterogeneity was 

statistically significant across ethnic group. This suggests that there are different genetic 

and/or other etiologic determinants associated with the eosinophil phenotype in Hispanic 

and non-Hispanic families.

Interestingly, there is a distinct comparability between this finding of a recessive 

component for eosinophil levels and the results of a segregation analysis for interleukin 

(EL) 5, a cytokine which influences eosinophil growth, maturation and development 

(Rodrigues et ah, 1996). The latter study found clear evidence of a major gene 

segregating in a codominant fashion and associated with low levels of EL5 in 

approximately 4% of their population. Although the codominant model was the best fit, 

the means (p) of the IL5 type distributions reflected a recessive pattern of inheritance.

This comparability suggests similar control of the phenotypes IL5 and eosinophil levels. 

Mriguingly, studies have shown linkage of asthma related phenotypes to markers in the 

segment of chromosome 5q containing the EL5 structural gene. Furthermore, in this same
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demonstrated for linkage to markers located in chromosome 5q 31-33, among sibling 

pairs concordant for low levels of circulating eosinophils (Martinez et ah, 1998). These 

findings were limited also to non-Khspanic white individuals, in agreement with the 

segregation analyses, and are suggestive of a locus in the 5q region associated with the 

control of eosinophil levels.

Limitations of the Three Papers

The results of the segregation analysis of physician-diagnosed asthma may be 

subject to bias because parents reported both their own diagnoses and those of their 

children. Parents with asthma may be more likely to seek medical attention for their 

children, also, physicians may be more likely to diagnose asthma in children with a family 

history of asthma. Biases of this type would be more likely to detect a spurious dominant 

pattern of inheritance, whereas a recessive component was indicated in this analysis. 

Potential underreporting in parents, due to the retrospective ascertainment of the parents’ 

diagnosis, would however bias results toward a recessive mode of inheritance. 

Nevertheless, all results were consistent across ethnic groups with different cultural 

backgrounds lending confidence to these findings.

From a statistical viewpoint it is of concern that analyses in the segregation 

analysis of FEV, failed to rule out non-transmissible environmental factors being 

responsible for the familial aggregation. Since it is always possible to fail to reject the 

null hypotheses in the presence of low power, the absence of any very well defined model 

may be a reflection of the studies inadequate power to reject certain hypotheses. Also,

68
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although heterogeneity has been shown between families with and without asthmatic 

members, it is likely, given the lack of a representative model for FEVj that additional 

heterogeneity exists within these groups.

Significant familial correlations in the analysis of circulating eosinophil levels 

were limited to non-Hrspanic whites. The smaller number of Hispanic and Hispanic/non- 

Hispanic white families with data on eosinophil levels may have limited to power to 

detect significant correlations in these groups.

In general, the Children’s Respiratory Study population is middle-class and 

employed and under-represents the upper and lower extremes of socio-economic-status. 

In addition, families who refused to participate or dropped out had significantly (p < 

0.0001) fewer household members with a history of allergy, hay fever or other respiratory 

troubles (Taussig et ah, 1989). This suggests that allele frequencies for asthma related 

phenotypes described in these studies may be an overestimate of those in the wider 

population. However, the more homogenous population represented by the families 

enrolled is an advantage from the perspective of detecting modes of inheritance.

Summary And Future Directions

Collectively, the findings of these studies support the notion of multiple genes 

interacting to determine genetic susceptibility to asthma. Also, it is likely that the genes 

involved would be relatively common and of small individual effect.

Results of the segregation analysis of physician-diagnosed asthma indicated that 

an oligogenic mode of inheritance with a possible recessive influence best described the
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data. This suggests that a number of genes are most certainly involved in the pathogenesis 

of asthma. Such a finding is not unexpected given the complex nature of the asthmatic 

phenotype.

In the analysis of intermediate phenotypes, however, alleles showing monogenic 

segregation of relatively low frequency and associated with asthma were foreseen. It may 

seem unusual, therefore, that the segregation analysis of eosinophil levels suggested an 

infrequent recessive genetic component associated with low eosinophil levels in 

approximately 2% of the population. Given the association between high eosinophil 

counts and asthma (Gleich, 1990) the expectation might have been the identification of an 

allele segregating in families associated with much higher than normal eosinophil counts. 

It is likely, however, that individuals homozygous for this putative recessive component, 

would not be susceptible to asthma. This suggests that the majority of the population have 

the genetic potential to react to environmental stimuli with the manufacture of high levels 

of circulating eosinophils.

The findings of the segregation analysis of the lung function measure, FEVj, are 

comparable in this context of genes of relatively low frequency for an intermediate 

phenotype of asthma being unassociated with the level expected of the asthmatic 

condition. Thus, albeit only in a subset of the population comprising families with at least 

one asthmatic member, results suggested weak evidence for a Mendelian component, 

again expressed in a recessive fashion. However, the putative gene was associated with a 

homozygous phenotype of higher, not lower, FEVj in about 9% of that population. It is 

therefore unlikely to be associated with asthma, again suggesting that the more common
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condition, lower FEV1 in this case, is associated with asthma susceptibility.

Assuming an oligogenic mode of inheritance for the asthma phenotype based on a 

physician diagnosis of asthma, the genes involved would, in fact, need to be fairly 

common to achieve a population prevalence of approximately 10%. In this study the 

cumulative incidence of asthma was 11.5% in children and 8.9% in parents. So for 

instance, with five genes, plus constant environmental factors and generic homogeneity, 

interacting to determine susceptibility to asthma the contributing genes would need to 

have a frequency each of approximately 60% to achieve a population prevalence of 

asthma of approximately 8%. While this example is clearly oversimplified it illustrates 

the concept that in complex diseases like asthma the genes involved are most likely not 

rare (Tienari, 1994).

However, given the heterogeneous nature of asthma including variability in 

symptoms, age on onset, and environmental influences, it is possible that different 

combinations of multiple genes could be involved in its pathogenesis. Lawrence et al. 

(1994) characterize complex inheritance as a process in which genes of large effect are 

individually rare but may be abundant, and in which genetic susceptibility is partly 

determined by interaction of common genes. The findings of this study provide evidence 

in support of asthma susceptibility being associated with the interaction of relatively 

common genes, while the “rare” genes of “large effect” are unlikely to be associated with 

asthma. While it appears likely from this study that a small number of genes common to 

all forms of asthma may control the supposed course of expression of the disease 

(Martinez, 1997), environmental influences and interactions with other genes may result
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in multiple phenotypic effects, as well as influencing the penetrance of these genes.

A strong maternal influence was seen for both intermediate phenotypes assessed 

in this study, namely, FEVj in asthmatic families only, and eosinophil levels in non- 

Hispanic white families. While we have no satisfactory explanation for these maternal 

effects, several other studies have shown a strong maternal influence on children’s 

immune parameters such as serum IgE and allergic sensitization, which has not been 

observed between fathers and offspring, leading to the suggestion of intrauterine 

influences (Martinez, 1995). In addition there may be maternally influenced postnatal 

effects (Staessen et al., 1985). Recent studies in this population have also shown a 

moderating influence of breastfeeding on the child’s IgE level (Wright et al., 1998). 

Finally, genetic transmission could be involved as evidenced by studies demonstrating 

transmission of atopy only through the maternal line suggesting paternal imprinting or 

maternal modification of immune responses (Cookson et al., 1992).

Probably no one genetic method should be involved in the continuing search for 

genetic loci influencing asthma susceptibility. Undoubtedly, a combination of methods 

should be used, including segregation analyses for other intermediate phenotypes, linkage 

analyses for candidate genes and genome wide searches, and population-based association 

studies including assessment of polymorphisms.

As the definition of the phenotype is pivotal in the elucidation of susceptibility 

loci further refining the asthma phenotype could be a worthwhile strategy. One such 

approach, pioneered some years ago by Morton (1991) and then by Lawrence et al.

(1994), involved the use of principal components analysis applied to a number of
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intermediate traits. More recent analysis using this method is underway by this group 

(Wilkinson et ah, 1998). As an extension of the present study the use of factor analysis is 

proposed to elucidate potential phenotypic groupings which may be amenable to linkage 

analysis.

In addition, molecular genetic studies are currently underway to attempt to 

identify the putative gene for low eosinophil levels identified in both the segregation 

analyses in the present study, and in linkage studies in this same population, showing 

evidence of linkage to markers located in the chromosome region 5q 31-33 (Martinez et

ah, 1998).



74

REFERENCES

Akaike, H. (1974). A new look at the statistical model identification. IEEE Transactions 
on Automatic Control. 19. 716-723.

ATS (American Thoracic Society). (1962). Chronic bronchitis, asthma and pulmonary 
emphysema. American Review of Respiratory Diseases. 85, 762-768.

ATS (American Thoracic Society). (1987). Standards for the diagnosis and care of 
patients with chronic obstructive pulmonary disease. American Review of 
Respiratory Diseases. 136. 225-44.

Anonymous. (1995, January). Asthma-United States, 1982-1992. MMWR- Morbidity 
and Mortality Weekly Report. 43(51&52). 952-955.

Anonymous. (1996, May). Asthma mortality and hospitalization among children and 
young adults -  United States, 1980-1993. MMWR-Morbiditv and Mortality 
Weekly Report, 45(17). 350-3

Anonymous. (1997). A genome-wide search for asthma susceptibility loci in ethnically
diverse populations. The Collaborative Study on the Genetics of Asthma (CGSA). 
Nature Genetics. 15(4). 389-392.

Sleeker, E.R. (1986). Cholinergic and neurogenic mechanisms in obstructive airways 
disease. American Journal of Medicine. 81, 92-102.

Bochner, B. S., Undem, B. J., & Lichtenstein, L. M. (1994). Immunologic aspects of 
allergic asthma. Annual Review of Immunology. 12. 295-335.

Bonney, G. E. (1984). On the statistical determination of major gene mechanisms in 
continuous human traits: regressive models. American Journal of Medical 
Genetics. 18. 731-749.

Bonney, G. E. (1986). Regressive logistic models for familial disease and other binary 
traits. Biometrics. 42. 611-625.

Boushey, H. A., & Fahy, J.V. (1995). Basic mechanisms of asthma. Environmental 
Health Perspectives, 103(suppl 6), 229-233.

Boushey, H.A., Hotzman, M, J., Sheller, J. R., & Nadel, J. A. (1980). State of the art -  
bronchial hyperreactivity. American Review of Respiratory Diseases, 121, 389- 
413.



75

Bousquet, J., Chanez, P., & Lacoste, Y. J. (1990). Eosinophilic inflammation in asthma. 
New England Journal of Medicine. 323. 1033-1039.

Box, G. E. P., & Cox, D. R. (1964). An analysis of transformations (with discussion). 
Journal of the Royal Statistical Society. B26. 211-252.

Burney, P. (1993). Epidemiology of asthma. Allergy. 48. 17-21.

Burney, P. G. J., Chinn, S., & Rona, R. J. (1990). Has the prevalence of asthma increased 
in children? Evidence from the national study of health and growth 1973-86. 
British Medical Journal. 300.1306-1310.

Burr, M. L., Butland, B. K., King, S., & Vaughan-Williams, E.. (1989). Changes in 
asthma prevalence: Two surveys 15 years apart. Archives of Diseases in 
Childhood. 64. 1452-1456.

Burrows, B., Martinez, F. D., Halonen, M., Barbee, R. A., & Cline, M. G. (1989).
Association of asthma with serum IgE levels and skin-test reactivity to allergens. 
New England Journal of Medicine. 320. 271-277.

Cannings, C., Thompson, E. A., & Skolnick, M. H. (1978). Probability functions on 
complex pedigrees. Advances in Applied Probability, 10. 26-61.

Chen, Y., Home, S. L., Rennie, D. C , & Dosman, J. A. (1996). Segregation analysis of 
two lung function indices in a random sample of young families: The Humboldt 
Family Study. Genetic Epidemiology. 13. 35-47.

Chilmonczyk, B. A., Salmun, L. M., Megathlin, K. N., Nevaux, L. M., Palomake, G. E., 
Knight, G. J., Pulkkinen, A. J., & Haddow J. E. (1993). Association between 
exposure to environmental tobacco smoke and exacerbations of asthma in 
children. New England Journal of Medicine. 328.1665-1669.

Collins, J. G. (1997). Prevalence of selected chronic conditions: United States, 1990- 
1992. Vital and Health Statistics -  Series 10: Data from the National Health 
Survey. 194.1-89.

Cookson, W. O. C. M., Young, R. P., Sandford, A. J., Moffatt, M. F., Shirakawa, T., 
Sharp, P. A., Faux, J. A., Julier, C., LeSoeff, P. N., Nakumura, Y., Lathrop, G.
M., & Hopkin, J. M. (1992) Maternal inheritance of atopic IgE responsiveness on 
chromosome llq . Lancet. 340. 381-334.



76

Cotch, M. F., Beaty, T. H., & Cohen, B. H. (1990). Path analysis of familial resemblance 
of pulmonary function and cigarette smoking. American Review of Respiratory 
Diseases. 142. 1337-1343.

Coultas, D. B., Hanis, C. L, Howard, C. A., Skipper, B. J., & Samet, J. M. (1991).
Heiitability of ventilatory function in smoking and non-smoking New Mexico 
Hispanics. American Review of Respiratory Diseases. 144. 770-775.

Crane, J., O’Donnell, T. V., Prior, I. A. M., & Waite, D. A. (1989). Symptoms of asthma, 
methacholine airway responsiveness and atopy in migrant Tokelaunan children. 
New Zealand Medical Journal. 102,36-38.

Curry, J. J. (1946). The action of histamine on the respiratory tract in normal and 
asthmatic subjects. Journal of Clinical Investigation. 25. 785-791.

Dal Colletto, G. M. D., Fulker, D. W., de O Barretto, O. C., & Koyla, M. (1993). Genetic 
and environmental effects on blood cells. Acta Geneticae Medicae et 
Gemmellologiae, 42. 245-252.

Demenais, F. M., & Bonney, G. E. (1989). Equivalence of mixed and regressive models 
for genetic analysis. I. Continuous traits. Genetic Epidemiology. 6. 597-617.

Demenais, F. M., Laing, A. E., & Bonney, G. E. (1992). Numerical comparisons of two 
formulations of the logistic regressive models with the mixed model in 
segregation analysis of discrete traits. Genetic Epidemiology, 9. 419-435.

Demenais, F., Martinez, M,, & Andrieu, N. (1993). The transmission probability model is 
useful to prevent false inference. American Journal of Human Genetics, 52. 441- 
442.

Dodge, R. R., & Burrows, B. (1980). The prevalence and incidence of asthma and 
asthma-like symptoms in a general population sample. American Review of 
Respiratory Diseases, 122. 567-575.

Duffy, D. L., Martin, N. G., Battistutta, D., Hoffer, J. L., & Matthews, J. D. (1990). 
Genetics of asthma and hayfever in Australian twins. American Review of 
Respiratory Diseases. 142. 1351-1358.

Duong, Q. P. (1984). On the choice of the order of autoregressive models: a ranking and 
selection approach. Journal of Time Series Analysis. 5. 145-157.

Elston, R. C. (1980). Segregation analysis. In H. Harris & K. Hirschhom (Eds.) Advances 
in Human Genetics (pp. 63-120). New York: Plenum.



77

Elston, R. C. (1993a). Genetic analysis of complex phenotypes: Family studies of total 
IgE levels and bronchial hyperreactivity. In D. G. Marsh, A. Lockhart, & S. T. 
Holgate (Eds.), The Genetics of Asthma (pp. 143-151). Oxford, England: 
Blackwell Scientific Publications.

Elston, R. C. (1993b). Some recent developments in the theoretical aspects of segregation 
analysis. In P. P. Majumder (Ed.), Human Population Genetics (pp. 117-137).New 
York: Plenum Press.

Elston, R. C., & George, V. T. (1989). Age of onset, age at examination, and other 
covariates in the analysis of family data. Genetic Epidemiology, 6, 217-220.

Elston, R. C., Namboordiri, K. K., Glueck, C. J., Fallat, R., Tsang, R., & Leuba, V.
(1975) Study of the genetic transmission of hypercholesterolemia and 
hypertriglyceridemia in a 195 member kindred. Annals of Human Genetics. 39. 
67-87.

Elston, R. C., & Stewart, J. (1971). A general model for the genetic analysis of pedigrees. 
Human Heredity. 21. 523-542.

Elston, R. C., & Yelverton, K. C. (1975). General models for segregation analysis. 
American Journal of Human Genetics. 27, 31-45.

Faraone, S. V., & Tsuang, M. T. (1995). Methods in psychiatric genetics. In M. T.
Tsuang, M. Tohen, & G. E. P. Zahner (Eds.), Textbook of Psychiatric 
Epidemiology (pp. 81-134). Wiley-Liss Inc.

Gerrard, J. W., Rao, D. C., & Morton, N.E. (1978). A genetic study of immunoglobulin 
E. American Journal of Human Genetics, 30, 46-58.

Gerritsen, J., Koeter, G. H., Postma, D. S., Schouten, J. P., Van Aalderen, W. M. C., & 
Knol, K. (1991). Airway responsiveness in childhood as a predictor of the 
outcome of asthma in adulthood. American Review of Respiratory Diseases. 143. 
1468-1498.

Gleich, G. J. (1990). The eosinophil and bronchial asthma. Journal of Allergy and 
Clinical Immunology, 85, 422-436.

Go, R. C. P., Elston, R. C., & Kaplan, E. B. (1978). Efficiency and robustness of pedigree 
segregation analysis. American Journal of Human Genetics, 30. 28-37.

Gregg, I. (1983). Epidemiologic aspects. In T. J. H. Clark & S. Godfrey (Eds.), Asthma 
(pp. 243-284). Philadelphia: WB Saunders.



78

Hallpike, J. F., Adams, C. W. M , & Tourtellotte, W. W. (1983). Multiple sclerosis: 
Pathology, diagnosis and management. London: Chapman and Hall.

Hanson, B., McGue, M., Roitman-Johnson, B., Segal, N., Bouchard, T. J., & Blumenthal,
M. N. (1991). Atopic disease and immunoglobulin E in twins reared apart and 
together. American Journal of Human Genetics. 48. 873-879.

Hebestreit, H., Yousefi, S., Balatti, L, Weber, M., Crameri, R., Simon, D., Hartung, K., 
Schapowal, A., Blaser, K., & Simon, H.U. (1996). Expression and function of the 
Fas receptor on human blood and tissue eosinophils. European Journal of 
Immunology. 26. 1775-1780.

Holt, P. G., McMenamin, C., & Nelson, D. (1990). Primary sensitization to inhalant 
allergens during infancy Pediatric Allergy and Immunology. 1. 3-13.

Hopp, R. J., Bewtra, A. K., Nair, N. W., & Townley, R. G. (1984a). Specificity and
sensitivity of methacholine in normal and asthmatic children. Journal of Allergy 
and Clinical Immunology. 7 4 .154-158.

Horwood, L. J., Fergusson, D. M., & Shannon, F. T. (1985). Social and familial factors in 
the development of early childhood asthma. Pediatrics. 75. 859-868.

Hubert, H. B., Fabsitz, R. R., Feinlab, M., & Gwinn, C. (1982). Genetic and
environmental influences on pulmonary function in adult twins. American Review 
of Respiratory Diseases. 125. 409-415.

Jain, P., & Golish, J. A. (1996). Clinical management of asthma in the 1990s. Current 
therapy and new directions. Drugs. 52(Suppl 6), 1-11.

Jones, R. H. (1993). Longitudinal Data with Serial Correlation: A State Space Approach. 
London: Chapman and Hall.

Khoury, M. J., Beaty, T. H., & Cohen, B. H. (1993) Fundamentals of genetic 
epidemiology. New York: Oxford University Press.

Lander, E. S., & Schork, N. J. (1994). Genetic dissection of complex traits. Science. 265. 
2037-2048.

Lawrence, S., Beasely, R., Doull, L, Begishvili, B., Lampe, F., Holgate, S. T., & Morton,
N. E. (1994). Genetic analysis of atopy and asthma as quantitative traits and 
ordered polychotomies. Annals of Human Genetics. 58. 359-368.



Lebowitz, M. D., Barbee, R., & Burrows, B. (1984). Family concordance of IgE, atopy, 
and disease. Journal of Allergy and Clinical Immunology. 73. 259-264.

79

Lebowitz, M. D., Knudson, R. J., & Burrows, B. (1975). Tucson epidemiologic study of 
obstructive lung diseases. I. Methodology and prevalence of disease. American 
Journal of Epidemiology, 102.137-152.

Levitt, R. C., Mitzner, W., & Kleeberger, S. R. (1990). A genetic approach to the study of 
lung physiology: understanding biological variability in airway responsiveness. 
American Journal of Physiology, 258(Lung Cell Mol Physiol 2), L157-L164.

Lewis, S., Richards, D., Bynner, J., Butler, N., & Britton, J. (1995). Prospective study of 
risk factors for early and persistent wheezing in childhood. European Respiratory 
Journal, 8, 349-356.

MacLean, C. J., Morton, N. E., & Lew, R. (1975). Analysis of family resemblance. IV. 
Operational characteristics of segregation analysis. American Journal of Human 
Genetics, 27, 365-384.

Marsh, D. G. (1993) General discussion and summing-up. In D. G. Marsh, A. Lockhart,
& S. T. Holgate (Eds.), The Genetics of Asthma (p. 321). Oxford, England: 
Blackwell Scientific Publications.

Marsh, D. G., Bias, W. B., & Ishizaka, K. (1974). Genetic control of basal serum 
immunoglobulin E levels and its effect on specific reaginic sensitivity. 
Proceedings of the National Academy of Sciences USA, 71, 3588-3592.

Martinez, F. D. (1995). Viral Infections and the development of asthma. American 
Journal of Respiratory and Critical Care Medicine, 151(5), 1644-1648.

Martinez, F. D. (1997). Complexities of the genetics of asthma. American Review of 
Respiratory and Critical Care Medicine, 156(#4 Pt 2), S117-S122

Martinez, F. D., Holberg, C. J., Halonen, M., Morgan, W. J., Wright, A. L., & Taussig, L. 
M. (1994). Evidence for Mendelian inheritance of serum IgE Levels in Hispanic 
and non-Hispanic white families. American Journal of Human Genetics, 55, 555- 
565.

Martinez, F. D., Morgan, W. J., Wright, A. L., Holberg, C. J., & Taussig, L. M. (1988).
Diminished lung function as a predisposing factor for wheezing respiratory illness 
in infants. New England Journal of Medicine, 319, 1112-1117.



80

Martinez, F. D., Solomon, S., Holberg, C. J., Graves, P. E., Baldini, M., & Erickson, R.
P. (in press). Linkage of circulating eosinophils to markers in chromosome 5q. 
American Journal of Respiratory and Critical Care Medicine.

Martinez, F. D., Wright, A. L., Taussig, L. M., Holberg, C. J., Halonen, M., Morgan, W.
J, and the Group Health Medical Associates. (1995) Asthma and wheezing in the 
first six years of life. New England Journal of Medicine. 332. 133-138.

McGuffin, P., & Huckle, P. (1990). Simulation of Mendelianism revisited: the recessive 
gene for attending medical school. American Journal of Human Genetics. 46. 994- 
999.

McWhorter, W. P., Polis, M. A., Kaslow, R. A. (1989). Occurrence, predictors, and 
consequences of adult asthma in NHANESI and follow-up survey. American 
Review of Respiratory Diseases. 139, 721-724.

Mellis, C. M., & Woolcock, A. J. (1992). Asthma and airway reactivity in children. 
Current Opinion in Pediatrics. 4, 401-409.

Meyers, D. A. (1993). Genetic approaches to familial aggregation HI. Linkage Analysis.
In M. J. Khoury, T. H. Beaty, & B. H. Cohen (Eds.), Fundamentals of genetic 
epidemiology (pp. 284-311). New York: Oxford University Press.

Meyers, D. A., Beaty, T. H., Colyer, C. R., & Marsh, D.G. (1991). Genetics of total
serum IgE levels: a regressive model approach to segregation analysis. Genetic 
Epidemiology. 8. 351-359.

Morgan, W., Martinez, F., Wright, A., & Taussig, L. (1991). Forced expiratory flow
tracks from infancy to six years of age. American Review of Respiratory Diseases. 
143. A508.

Morton, N. E. (1990). Genetic linkage and complex diseases: a comment. Genetic 
Epidemiology. 7. 33-34.

Morton, N. E., & Chung, C. S. (1978). Genetic epidemiology (pp. 3-11). New York: 
Academic Press.

Morton, N. E., Shields, D. C., & Collins, A. (1991). Genetic epidemiology for complex 
phenotypes. Annals of Human Genetics. 55. 301-314.

Mueller, R. F., Young, I. D. (1995). Emery’s elements of medical genetics. New York: 
Churchill Livingstone.



81

Murphy, S., & Kelly, H. W. (1993). Asthma, inflammation, and airway
hyperresponsiveness in children. Current Opinion in Pediatrics. 5. 255-265.

NAEP. (1992). Excerpts from the National Asthma Education Program Executive 
Summary: Guidelines for the diagnosis and management of asthma. Pediatric 
Annal&21(9), 537-561.

Neijens, H. J. (1990). Determinants and regulating processes in bronchial hyperreactivity. 
Lung Supplement. 168(Suppl), 268-277.

National Institutes of Health, National Heart, Lung and Blood Institute. (1995).
NHLBTAVHO Workshop Report, March 1993. (Publication No. 95-3659:6). 
Bethesda: Author.

Olivetti, J. F., Kercsmar, C. M., & Redline, S. (1996) Pre- and perinatal risk factors for 
inner city African- American children. American Journal of Epidemiology, 143, 
570-577.

Pauwels, R., Joos, G., & Van Der Straeten, M. (1988). Bronchial hyperresponsiveness is 
not bronchial hyperresponsiveness is not asthma. Clinical Allergy. 18. 317-321.

Peat, J.K. (1996) Prevention of asthma. European Respiratory Journal. 9(7). 1545-55.

Peat, J. K., Salome, C. M., & Woolcock, A. J. (1990). Longitudinal changes in atopy
during a 4 year period: relation to bronchial hyperresponsiveness and respiratory 
symptoms in a population sample of Australian schoolchildren. Journal of Allergy 
and Clinical Immunology, 85, 65-74.

Rbase System V. Users Manual, First Edition, version 1.0. 1986. Microrim Inc..

Risch, N. (1991). Genetic linkage and complex diseases, with special reference to 
psychiatric disorders. Genetic Epidemiology, 7, 3-16.

Robertson, C. F., Heycock, E., Bishop, J., Nolan, T., Glinsky, A., & Phelan, P. D. (1991). 
Prevalence of asthma in Melbourne school children: changes over 26 years.
British Medical Journal, 1116-1118.

Rodriques, V. Jr., Abel, L., Piper, K., Dessein, A. L. (1996) Segregation analysis 
indicates a major gene in the control of interleukin-5 production in humans 
infected with Schistosoma mansoni. American Journal of Human Genetics, 59, 
453-461.



Rybicki, B. A., Beaty, T. EL, Cohen, B. EL (1990) Major genetic mechanisms in 
pulmonary function. Journal of Clinical Epidemiology, 43(7), 667-675.

82

S.A.G.E. Statistical Analysis for Genetic Epidemiology, Release 2.2. 1994. Computer 
program available from the Department of Epidemiology and Biostatistics, Case 
Western Reserve University School of Medicine, Cleveland, OH.

Salter, H. H. 11860) On Asthma: its pathology and treatment. London. England: John 
Churchill.

Samet, J. M. (1987) Epidemiologic approaches to the identification of asthma. Chest, 
91(6 suppl), 74S-78S.

Sandford A, Weir T, Pare, P. (1996). The genetics of asthma. American Journal of 
Respiratory and Critical Care Medicine. 153. 1749-1765.

Schwartz ,J., Gold, D., Dockery, D. W., Weiss, S. T., & Speizer, F. E. (1990). Predictors 
of asthma and persistent wheeze in a national sample of children in the United 
States: association with social class, perinatal events and race. American Review 
of Respiratory Diseases, 142. 555-562.

Sears, M. R. (1997). Epidemiology of asthma. Lancet, 350, 1015-20.

Sears, M. R., Burrows, B., Flannery, E. M., Herbison, G. P., Hewitt, C. J., & Holdaway, 
M. D. (1991). Relation between airway responsiveness and serum IgE in children 
with asthma and apparently normal children. New England Journal of Medicine. 
325. 1067-1071.

Self, S. G., & Liang, K. Y. (1987). Asymptotic properties of maximum likelihood
estimators and likelihood ratio tests under non standard conditions. Journal of the 
American Statistical Association. 82, 605-610.

Sherrill, D. L., Camilli, A., Lebowitz, M. D. (1989). On the temporal relationships 
between lung function and somatic growth. American Review of Respiratory 
Disease, 140, 638-644.

Sherrill, D. L., Stein, R. T., Holberg, C. J., Wright, A. L., & Martinez, F. D. (in press). 
Total serum IgE and its association with asthma symptoms and atopy among 
children. Journal of Allergy and Clinical Immunology.

Sibbald, B., & Turner-Warwick, M. (1979). Factors influencing the prevalence of asthma 
among first degree relatives of extrinsic and intrinsic asthmatics. Thorax, 34, 
322-337.



83

SIR. Scientific Information Retrieval. Application Development and Database
Management Software, Version 3.2, Reference Manual Set, 1993. SIR Pty Ltd, 
Sydney, Australia.

Smith, D. H., Malone, D. C., Lawson, K. A., Okamoto, L. L, Battista, C., & Saunders, W. 
B. (1997). A national estimate of the economic costs of asthma. American Journal 
of Respiratory and Critical Care Medicine. 156(3 Pt 1), 787-793.

Sporik, R., Holgate, S. T., Platts-Mills, T. A. R , & Cogswell, J. J. (1990). Exposure to 
house-dust mite allergen (der p i )  and the development of asthma in childhood. 
New England Journal of Medicine. 323. 502-507.

SPSS. Statistical Package for the Social Sciences. SPSS Inc. SPSS Reference Guide. 
Release 4.0 for SUN. 1990. Chicago, IL.

Staessen, L, Bulpitt, C. L, Fagard, R., loossens, J. V., Lijnen ,P., & Amery, A. (1985).
Familial aggregation of blood pressure, anthropometric characteristics and urinary 
excretion of sodium and potassium -  a population study in two Belgian towns. 
Journal of Chronic Diseases. 38(5). 397-407.

Stein, R. T., Holberg, C. J., Sherrill, D. L., Wright, A. L., Morgan, W. J., Lombardi, E., & 
Martinez, F. D. (1997). A longitudinal analysis of the effect of prenatal and 
postnatal maternal smoking on wheezing during childhood. American Journal of 
Respiratory and Critical Care Medicine. 155(#4 part 2 of 2), A249.

Stick, S. M., Burton, P. R„ Gurrin, L., Sly, P. D., & LeSouef, P. N. (1996). Effects of
maternal smoking during pregnancy and a family history of asthma on respiratory 
function in newborn infants. Lancet. 348.1060-1064.

Stoddard, J. J., & Miller, I. (1995). Impact of parental smoking on the prevalence of
wheezing respiratory illness in children. American Journal of Epidemiology. 141. 
96-102.

Taussig, L. M, Wright, A. L., Morgan, W. J., Harrison, H. R., Ray, C. G., & The Group 
Health Medical Associates Pediatricians. (1989). The Tucson Children’s 
Respiratory Study. I. Design and implementation of a prospective study of acute 
and chronic respiratory illness in children. American Journal of Epidemiology, 
129. 1219-1231.

Thomas, L. H., & Warner, J. A. (1996). The eosinophil and its role in asthma. General 
Pharmacology. 27(4). 593-597.



84

Tienari, P. J. (1994). Multiple sclerosis: Multiple etiologies, multiple genes? Annals of 
Medicine. 26. 259-269.

Toelle, B. G, Peat, J. K., Salome, C. M., Mellis, C. M., & Woolcock, A. J. (1992).
Toward a definition of asthma for epidemiology. American Review of Respiratory 
Disease. 146. 633-637.

Townley, R. G., & Hopp, R. J. (1988). Measurement and interpretation of nonspecific 
bronchial reactivity. Chest. 94. 452-454.

Vervloet, D., & Charpin, D. (1993) Intrinsic asthma. In D. G. Marsh, A. Lockhart, & S.
T. Holgate (Eds.), The Genetics of Asthma (pp. 93-101). Oxford, England: 
Blackwell Scientific Publications.

Wahn, U., Lau, S., Bergmann, R., Kulig, M., Forster, J., Bergmann, K., Bauer, C. P., & 
Guggenmoos-Holzmann, I. (1997). Indoor allergen exposure is a risk factor for 
sensitization during the first three years of life. Journal of Allergy and Clinical 
Immunology. 99. 763-769.

Wardlaw, A. L., Dunnette, S., Glesch, G. L, Collins, J. V., & Kay, A. B. (1988).
Eosinophils and mast cells in bronchiolar lavage in subjects with mild asthma. 
American Review of Respiratory Disease. 137, 62-69.

Weiner, A. S., Zieve, L, & Fries, J. H. (1936). The inheritance of allergic disease. Annals 
of Eugenics. 7. 414-462.

Weiss, K. B., Gergen, P. J., & Crain, E. F. (1992). Inner-city asthma. The epidemiology 
of an emerging US public health concern. Chest, 101(6 Suppl), 362S-367S.

Weiss, S. T., Tosteson, T. D., Segal, M. R., Tager, I. B., Redline, S . , & Speizer, F. E. 
(1992). Effects of asthma on pulmonary function in children. A longitudinal 
population-based study. American Review of Respiratory Diseases, 145, 58-64.

Whincup, P. H., Cook, G. D., Strachan, D. P., & Papacosta, O. (1993). Time trends in
respiratory symptoms in childhood over a 24 year period. Archives of Diseases in 
Childhood. 68. 729-734.

Wilkinson, J., Holgate, S. T., & Morton, N. E. (1998). Quantitative scores for asthma and 
atopy. American Journal of Respiratory and Critical Care Medicine. 157(3). A855.



85

Woolcock, A. J. (1985). Airway responsiveness: Measurement and interpretation.
Proceedings from a workshop held at Mont Ste. Marie, Quebec, June 15-17, 1983 
(F. E. Hargreave & A. J. Woolcock, Eds.), Astra Pharmaceuticals Canada: 
Mississauga, Ontario.

Woolcock, A. J., Peat, J. K., Salome, C. M., Yan, K ., Anderson, S. D., Schoeffel, R. E., 
McCowage, G ., & Killalea, T. (1987). Prevalence of bronchial 
hyperresponsiveness and asthma in a rural adult population. Thorax, 42. 361-368.

Woolley, K. L., Gibson, P. G., Carty, K., Wilson, A. J., Twaddell, S. H., & Woolley, M.
J. (1996). Eosinophil apoptosis and the resolution of airway inflammation in 
asthma. American Journal of Respiratory and Critical Care Medicine. 154. 237- 
243.

Wright, A. L., Holberg, C. J., Morgan, W. J., Taussig, L. M., Halonen, M., & Martinez, F. 
D. (1996). Recurrent cough in childhood and its relation to asthma. American 
Journal of Respiratory and Critical Care Medicine, 153, 1259-1265.

Wright, A. L., Sherrill, D., Holberg, C. J., Martinez, F. D., & Halonen, M. (1997). Infant 
feeding practices and total serum IgE in childhood. American Journal of 
Respiratory and Critical Care Medicine, 155f#4 part 2 of 2), A250.

Yamaguchi, Y., Suda, T., Ohta, S., Tominage, K., Miura, Y., & Kasahara, T. (1991). 
Analysis of the survival of mature human eosinophils: interleukin -5 prevents 
apoptosis in mature human eosinophils. Blood, 78, 2542-2547.

Yunginger, J. W„ Reed, C. E„ O’Connell, E. J., Melton, L. J. HI, O’Fallon, W. M„ & 
Silverstein, M. D. (1992). A community based study of the epidemiology of 
asthma. Incidence rates, 1964-1983. American Review of Respiratory and Critical 
Care Medicine. 146(4). 888-894.



86

APPENDIX A

Segregation Analysis of Physician-Diagnosed Asthma in Hispanic and Non-Hispanic 

White Families 

A Recessive Component?

Catharine J. Holberg, Robert C. Elston, Marilyn Halonen, Anne L. Wright, Lynn M. 

Taussig, Wayne J. Morgan and Fernando D. Martinez

The Respiratory Sciences Center and The Department of Pediatrics, University of 

Arizona Health Sciences Center, Tucson, Arizona; Department of Epidemiology and 

Biostatistics, Case Western Reserve University School of Medicine, Cleveland, Ohio; and 

National Jewish Center for Immunology and Respiratory Medicine, Denver, Colorado.

American Journal of Respiratory and Critical Care Medicine 1996; 154: 144-150.

Official Journal of the American Thoracic Society 

© American Lung Association



87

Al. Copy of Title Page in American Journal of Respiratory and Critical Care

Medicine

S e g j i r s g j a i t t o o i r D  A m i s i D y s D S  © I F  F h y s B c a a m i - B D s i g p t M c s d ]  A s t t h m s  ditd 
M o sp a m n c  airrad] Momi-IKlDsipairDac W lhatt©  [FamroDloes 
A Recessive Component?
CATHARINE J. HOLBERG, ROBERT C. ELSTON, MARILYN HALONEN, ANNE L. WRIGHT,
LYNN M. TAUSSIG, WAYNE ). MORGAN, a n d  FERNANDO D. MARTINEZ

The Respiratory Sciences Center and The Department of Pediatrics, University of Arizona Health Sciences Center, Tucson, Arizona; 
Department of Epidemiology and Biostatistics, Case Western Reserve University School of Medicine, Cleveland, Ohio; 
and National Jewish Center for Immunology and Respiratory Medicine, Denver, Colorado

The inheritance of asthma, evident from its high family concordance, is not well understood. To inves
tigate whether asthma may be inherited through a major gene with two alleles, segregation analyses 
were conducted in 3,369 individuals from 906 nuclear families enrolled, without selection, in a lon
gitudinal study of respiratory health in Tucson, Arizona. Physician-diagnosed asthma and its age of 
onset were ascertained for each family member when children were at a mean age of 7 yr. Age of 
asthma diagnosis was allowed for in analyses, and the impact of the covariate total serum IgE level 
on age of onset was examined. Segregation analyses were conducted with and without residual family 
effects, with and without the covariate IgE. The hypothesis of a single two-allele locus for asthma was 
rejected. However, depending on the method of assessment of the residual familial effects, either a 
polygenic/multifactorial mode of inheritance alone, or an oligogenic model with some evidence of 
a recessive component present in the population with the high frequency of 0.67, were compatible 
with the data. Results were unchanged with the addition of the covariate IgE. Holberg CJZ Elston RC, 
Halonen M, Wright AL, Taussig LM, Morgan WJ), Martinez FD. Segregation analysis of physician- 
diagnosed asthma in Hispanic and non Hispanic white families: a recessive component?

AM | RESPIR CHIT CARE MED 1 9 9 6 ;1 5 4 :1 4 4 -5 0 .

Asthma is one o f the most common chronic diseases and, unlike 
most other such conditions, it affects children as well as adults. 
Asthma is known to run in families (1), and estimates o f its herita- 
bility o f liability as high as 60% -70%  have been reported (2). 
However, the form o f  inheritance o f asthma is not well under
stood. The pathogenic mechanisms involved in the clinical ex
pression o f  asthma are very intricate. These include alterations 
o f (among others): the inflammatory reaction o f the lungs to 
viruses, allergens, and other stimuli; the control o f airway tone 
by adrenergic, cholinergic, and nonadrenergic, noncholinergic ner
vous systems; the responsiveness o f airways and lung tissue to 
external stimuli; the intrinsic contractile and relaxing capacities 
o f the airway smooth muscle; and the size o f airways and lungs. 
These diverse pathways, together with the great phenotypic vari-
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ation o f the disease, suggest that asthma is not the result o f a 
single, two-allele locus, and that a polygenic influence with strong 
environmental determination may be involved in its pathogene
sis. This has been defined as a com plex phenotype (3).

The study o f  asthma is made more difficult by the change 
in asthma frequency that has occurred in recent decades. There 
is now clear evidence that asthma prevalence is on the increase, 
particularly among children (4). This suggests that environmen
tal factors may be determining substantial increases in asthma 
penetrance in early life.

Two main approaches have been proposed for the genetic study 
o f complex phenotypes (3). One approach is to search directly 
for genetic markers (perhaps in a genome-wide search) linked 
to the trait under investigation. However, application o f likeli
hood-based genetic linkage analysis to ill-defined, complex phe
notypes for which the mode o f inheritance is not well understood 
may yield results that are difficult to interpret (5). Of course, 
evidence for linkage o f a particular disease pathology with a spe
cific marker does not imply m onogenic inheritance o f  the dis
ease itself because loci that may be part o f  a multigene system 
can be detected through linkage analysis. For example, reports 
by Cookson and coworkers (6) o f linkage between a locus in chro
mosome 1 Iq and a phenotype that included asthma were initially 
heralded in the media as a major breakthrough. Subsequent 
reports by this same group have clarified that the locus (the high- 
affinity receptor for IgE) is associated with atopy, but an associ
ation with asthma was not reported (7). A second, more classic 
approach suggests that linkage analysis o f complex diseases 
should be based on prior segregation analysis to ascertain if there
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Asthma is one of the most common chronic diseases and, unlike most other such 
conditions, it affects children as well as adults. Asthma is known to run in families (1), 
and estimates of its heritability of liability as high as 60%-70% have been reported (2). 
However, the form of inheritance of asthma is not well understood. The pathogenic 
mechanisms involved in the clinical expression of asthma are very intricate. These 
include alterations of (among others): the inflammatory reaction of the lungs to viruses, 
allergens, and other stimuli; the control of airway tone by adrenergic, cholinergic, and 
nonadrenergic, noncholinergic nervous systems; the responsiveness of airways and lung 
tissue to external stimuli; the intrinsic contractile and relaxing capacities of the airway 
smooth muscle; and the size of airways and lungs. These diverse pathways, together with 
the great phenotypic variation of the disease, suggest that asthma is not the result of a 
single, two-allele locus, and that a polygenic influence with strong environmental 
determination may be involved in its pathogenesis. This has been defined as a complex 
phenotype (3).

The study of asthma is made more difficult by the change in asthma frequency 
that has occurred in recent decades. There is now clear evidence that asthma prevalence is 
on the increase, particularly among children (4). This suggests that environmental factors 
may be determining substantial increases in asthma penetrance in early life.

Two main approaches have been proposed for the genetic study of complex 
phenotypes (3). One approach is to search directly for genetic markers (perhaps in a 
genome-wide search) linked to the trait under investigation. However, application of 
likelihood-based genetic linkage analysis to ill-defined, complex phenotypes for which 
the mode of inheritance is not well understood may yield results that are difficult to 
interpret (5). Of course, evidence for linkage of a particular disease pathology with a 
specific marker does not imply monogenic inheritance of the disease itself because loci 
that may be part of a multigene system can be detected through linkage analysis. For 
example, reports by Cookson and coworkers (6) of linkage between a locus in 
chromosome l lq  and a phenotype that included asthma were initially heralded in the 
media as a major breakthrough. Subsequent reports by this same group have clarified that 
the locus (the high-affinity receptor for IgE) is associated with atopy, but an association 
with asthma was not reported (7). A second, more classic approach suggests that linkage 
analysis of complex diseases should be based on prior segregation analysis to ascertain if 
there is evidence of a major gene, significantly influencing the heritability of the disease, 
beyond the expected polygenic component (8). This putative gene may then be amenable
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to more meaningful linkage analysis.
Using the techniques of segregation analysis, this study investigates whether a 

major autosomal gene can account for the familial aggregation of asthma. In addition, 
because high total serum IgE levels are strongly associated with asthma, we investigated 
to what extent age of onset of asthma could be attributable to levels of serum IgE.

METHODS

The study population comprised 906 nuclear families with a total of 3,369 individuals 
having complete data on the presence or absence of a diagnosis of asthma. These families 
are enrolled in a large, longitudinal study of respiratory disease, the Tucson Children’s 
Respiratory Study, as previously described (9). Eligible participants were those who used 
the pediatricians of a large health maintenance organization in Tucson and were thus 
selected at random with respect to asthma. A total of 1,246 healthy newborn infants from 
1,152 families, mainly Hispanic and non-Hispanic white, reflecting Tucson’s population, 
were originally enrolled in the study when a new child was bom into the family. Because 
one of our objectives was to assess genetic heterogeneity across ethnic groups, families in 
which the biological parents declared they were Anglo or Hispanic were included in this 
analysis. A total of 246 families did not meet these criteria. This study was approved by 
the Human Subjects Committee of the University of Arizona Health Sciences Center, and 
parents signed consent forms.

Information on the prevalence of physician diagnosis of asthma and on the age at 
which the diagnosis was made was ascertained by questionnaires completed separately for 
each family member by the parents. Questions asked included if the subject had ever had 
asthma, if it was diagnosed by a doctor, and at what age it was first diagnosed. Mean age 
at the time the questionnaire was answered was 30.5 yr for fathers, 28.1 yr for mothers, 
and 6.7 yr for children. Age at the time of the determination of affection status (i.e., at the 
time of the questionnaire) and age of asthma onset, assumed to be the same as age at 
diagnosis, were allowed for in all segregation analyses using regressive models (10).

When enrolled children were approximately 6 yr of age, blood samples were 
collected from all nuclear family members agreeing to have blood drawn. Serum IgE 
levels were assayed by paper radioimmunoabsorbent test (PRIST) using commercially 
available kits (Pharmacia Diagnostics, Piscataway, NJ) as previously described (11). All 
samples were assayed in duplicate and averaged.

Statistical Methods

We applied segregation analysis using regressive models to examine the fit of postulated 
genetic and nongenetic models to the data (12, 13). In regressive models, the probability 
distribution of the trait is specified by conditioning each individual’s observation 
(affection status) on those of the individual’s progenitors. Mendelian inheritance, if 
present, is presumed to be through a single autosomal locus with two alleles, A and B, 
with A being associated with the affected state. Therefore, three types (u) of individuals,
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labeled AA, AB and BB, are assumed (14). These types describe an unobserved 
characteristic that affects an individual’s susceptibility. For genetic models, these types 
correspond to the three possible genotypes. Susceptibility (y) for each type is defined as 
the probability of eventually becoming asthmatic. The incorporation of types requires the 
introduction of two additional sets of variables to the model, the type frequencies (x|/), and 
the transmission parameters (t). The population frequencies for the types i|ju for u = AA, 
AB, and BB, must sum to one. Random mating and Hardy-Weinberg equilibrium 
proportions are assumed (15). This means that type frequencies can be defined in terms of 
qA, the frequency of allele A, where the type frequencies are as follows: i|/AA = qA2; t|;AB = 
2qA (1 - qA); t|/bb = (1 -  qA)2. Each transmission parameter (t) is the probability of a parent 
of type u transmitting allele A to her/his offspring. For Mendelian transmission, this will 
be as follows: xAA = 1.0; tab = 0.5; tbb = 0.0. Finally, age of onset is introduced ito the 
model as a random variable having a logistic distribution with age coefficient (a) and 
baseline parameter (P). The phenotypic distribution function (sometimes referred to as the 
penetrance function, see Appendix) is the probability of being affected at a given age of 
onset, or of being unaffected by the age attained at the time of the questionnaire, 
conditional on type (u), sex, the phenotypes of the parents and spouse, and any covariates 
entered into the model (13). Parameters are constrained to define each of five hypothetical 
models: no major type, Mendelian arbitrary, dominant or recessive, and environmental. 
These are compared with an unrestricted model that is unconstrained and represents the 
best fit to the observed data. The “no major type” model assumes that susceptibilities are 
independent of type and, thus, that there is only one type. For the three Mendelian 
models, the transmission probabilities of each type are fixed to their expected values. The 
recessive and dominant models each have two type susceptibilities: recessive models 
constrain the two less susceptible genotypes to have equal susceptibility; dominant 
models constrain the two more susceptible genotypes to have equal susceptibility. The 
arbitrary major gene model has three type susceptibilities and introduces no susceptibility 
constraint. For the nongenetic or “environmental” model, types are assumed to exist but 
not to be transmitted from generation to generation; transmission probabilities are thus 
made equal to the gene frequency. In this case, when only susceptibility, and not age of 
onset, is dependent on type (u), the “no major type” and environmental hypotheses are 
identical, i.e., the likelihoods are mathematically (algebraically) identical. Evidence for a 
single major gene is considered to be present if three criteria are met (14): (1) a model 
with more than one type fits the data significantly better than the “no major type” model; 
(2) the unrestricted model does not fit the data significantly better than the Mendelian 
model(s); and (3) the unrestricted model fits the data significantly better than the 
environmental model. The specific inheritance mechanism is then tested by comparing 
the fit of the recessive and dominant models to that of the arbitrary model.

To evaluate specific hypotheses, the likelihood ratio test was used by taking the 
difference between twice the negative of the loge likelihoods of the models of interest. 
Under certain regularity conditions this difference has a %2 distribution and can be used to 
give a probability level, with the degrees of freedom being the difference in the number of 
parameters estimated between models. In cases where parameter estimates converge to
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bounds, the distribution of the chi-squared statistic is either unknown or it follows a 
mixture distribution (16). In these cases probability was assessed at the midpoint of a 
range of degrees of freedom. The maximum degrees of freedom was calculated by 
subtracting from the number of parameters maximized in the unrestricted model the 
number of independent parameters maximized in the restricted model, but ignoring 
parameters that have the same boundary value in both models. The minimum degrees of 
freedom was obtained by subtracting from this the number of parameters that went to 
bounds in the unrestricted model and adding the number that went to bounds in the 
restricted model, again ignoring parameters that have the same boundary values in both 
models; but if this minimum number was negative, it was taken to be zero.

Residual familial effects were added to the model to test for the presence of a 
major gene plus an additional multifactorial component, representing genetic effects 
and/or the effects of shared environment. While it has been suggested that residual family 
effects should be accounted for in all models, and failure to do so could lead to affirming 
a spurious major gene (17), we have assessed models with and without residual family 
effects, as previously described (11), following the procedures suggested by Khoury and 
colleagues (18), because this provides a way to investigate whether a single major locus 
may be influencing the phenotype in question. Under class A regressive models, siblings’ 
traits are assumed to be related to one another because of common parentage alone, 
without any further residual sibling correlation that may be due to polygenes or a shared 
common environment. For continuous traits, the residuals under a class A regressive 
model satisfy the condition pss = 2pP02 / (1 + pFM), where pss is the sibling correlation, pP0 
is the parent offspring correlation, and p ^  is the spouse correlation (19). Results of recent 
data simulations suggest that, when there is an excess of sib-sib correlation with respect 
to the parent-offspring correlation (as in our data), the class A model is not robust, and 
false inference of a major gene is frequently observed (20). Class D regressive models, 
under which sibling correlations are considered to be equal but not necessarily due to 
common parentage alone (12), are not susceptible to this false inference (20). These 
models are formed by introducing, in addition to residual spouse and parent-offspring 
effects, two covariates representing the number of preceding siblings unaffected and 
affected with asthma. Although we applied this method of analysis to the data, under the 
multiple logistic regressive model used for discrete traits (12) the likelihood suffers the 
disadvantage of depending on the order of sibs within a sibship (21).

Now the sibling correlation under the class A regressive model can be larger than 
the parent-offspring correlation if the spouse correlation is allowed to be negative. Thus, 
class D regressive models can be emulated with the class A procedure by allowing for a 
negative spouse correlation. The effect of assuming a negative spouse correlation with 
respect to the joint distribution of mating phenotypes is made negligible by considering 
the likelihood conditional on the parents’ phenotypes (17). We therefore also used this 
procedure, allowing for the spouse effect dSp, to be negative and conditioning on the 
parental phenotypes. As in the case of continuous traits, this allows for sib-sib 
correlations beyond those due to common parentage alone and has the advantage that the 
likelihood then no longer depends on the order of the sibs. We implemented this
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procedure using the most conservative approach, conditioning on the parents’ actual ages 
of onset and discrete phenotypes at or before age at the time of the questionnaire, 
ascertainment option number 2 (13). We performed two sets of analyses, conditioning 
first on the mother and then on the father, because conditioning on both simultaneously 
did not permit estimation of spouse correlations. These were always negative, in 
agreement with the premise of the emulation procedure. The averages of all log 
likelihoods and parameter estimates over the two analyses were then calculated. In these 
analyses, residual parent and spouse effects were each assessed using two dummy 
variables representing the unaffected and affected conditions, i.e., regressive familial 
effects (model 2) option 3(13); thus, we estimated four effects, 5Pu, 6Pa, 6Spu, 6Spa, which 
are equivalent to parent-offspring and spouse correlations (20). A positive correlation 
coefficient is compatible to positive affected and negative unaffected parameters, and vice 
versa. Unless the sample size is very large, models can easily become overparameterized. 
In addition, these parameters should be constrained to prevent meaningless results (20). 
Accordingly, for all models we adopted the following rule: if affected and unaffected 
parameter estimates were either both positive or both negative, the bound of the 
parameter closest to zero was set to zero; when affected and unaffected parameter 
estimates were of opposite signs, no bounds were set.

Tests for genetic heterogeneity between ethnic groups and, where appropriate, 
Box-Cox transformation (22) to make the age of onset distribution closer to logistic were 
performed as described previously (11).

RESULTS

The 906 families included in the segregation analysis were significantly more likely to 
have two married parents and to have at least one parent with a college education than the 
246 families not included. However, families included were not significantly more likely 
to have a parent with asthma, or a mother who smoked or not; families excluded were 
more likely to have a father who smoked (p = 0.06).

Of the 906 families included, 268 (29.6%) had at least one family member with 
physician-diagnosed asthma. The cumulative incidence of asthma was 11.5% in children 
and 8.9% in parents. This is compatible with the increases in asthma prevalence reported 
by others (4). Asthma was not significantly correlated between spouses (847 pairs, pSp = 
-0.06, ns) but there was a significant correlation for asthma between parents and offspring 
(3,337 pairs: pP0 = 0.09, p < 0.001). The correlation for asthma between siblings was 
higher than that between parents and offspring (1,359 pairs; pss = 0.22, p < 0.001).

Initial segregation analyses, using sex-specific parameters, indicated that the 
inclusion of sex-specific age of onset baseline parameters ((3), but not age coefficients (a) 
or susceptibilities (y), significantly improved the fit of the models. All subsequent 
analyses, therefore, used sex-specific age of onset baseline parameters.

The results of modeling for a major gene without an additional multifactorial 
component are shown in Table 1. All models, both genetic and nongenetic, were rejected. 
However, although all Mendelian models were rejected, they fit the data much better than



TABLE 1

PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF ASTHMA, BASED ON THE MODEL 
THAT GENOTPVE INFLUENCES SUSCEPTIBILITY TO ASTHMA, WITHOUT RESIDUAL FAMILY EFFECTS; 

MODELS COMPARED WITH UNRESTRICTED MODEL; 906 PEDIGREES, 3 ,369  INDIVIDUALS

Age
Parameters

Transmission
Gene

Frequency
<*A

Probabilities ' Baseline g Coefficient Susceptibilities
-2 Ln 

(Likelihood)Model Ta a t a b t B8 Male Female a Ya a Ya b Ys b x 2 df* p Value

No Residual Familial Effects 
Unrestricted 0.33 [1.0] [1.0] [0.0] -2.37 - 2 . 8 6 0.17 [1.0] [0.00] [0.00] 4,367.6
No major type - - - -1.54 -2.11 0.17 0.16 0.16 0.16 4,616.7 249.1 0 - 6 < 0.001

(environmental) 
Mendelian arbitrary 0.32 (1.0) (0-5) (0,0) -1.49 -2.06 0.17 [1.0] [0.00] 0.09 4,570.8 203.2 0-1 < 0.001
Mendelian dominant 0.12 (10) (0.5) (0.0) -1.50 -2.05 0.17 0.51 0.51 0.05 4,579.1 212.5 0-2 <0.001
Mendelian recessive 0.31 (1.0) (0.5) (0.0) -1.49 -2.05 0.17 0.97 0.06 0.06 4,574.1 206.5 0-2 < 0.001

* When there was a range of degrees of freedom due to parameters being fixed by the maximum likelihood algorithm, probability was assessed at the midpoint of the degrees 
of freedom.

( ) Indicates fixed by the model.
[ ] Indicates fixed by the maximum likelihood algorithm.



96

the “no major type” (environmental) model, indicating the presence of intergenerational 
transmission. Nevertheless, as predicted, the hypothesis of a single, two-allele locus, 
without an additional multifactorial component, responsible for asthma, was rejected. 
Addition of residual parent effects (data not shown) to the one distribution (no major 
type) model showed significant positive parent-offspring effects (%2 = 101.0, df = 2, p < 
0.001) and negative spouse effects (x2 = 80.3, df = 2, p < 0.001), respectively, and 
together (x2 = 121.1, df = 4, p < 0.001).

Results of the class D model, which included parent, spouse, and sibling residual 
family effects, are shown in Table 2. Comparison of the “no major type” model (line 2) 
with an equivalent model (each with Box-Cox transform) that excluded parent-offspring, 
spouse-spouse, and sibling covariates indicated a strong familial component (%2 = 138.3, 
df = 6, p < 0.0001). The sibling effects alone added significantly to the model (%2 = 77.0, 
df = 2, p < 0.0001). However, the spouse effects also contributed significantly in the 
presence of the sibling and parent offspring effects (%2 = 10.3, df = 2, p < 0.01). The “no 
major type” (environmental) model was rejected (p < 0.001), as well as all Mendelian 
models (p < 0.001). All these models were comparable.

Results of the class D emulation, which added residual family effects (spouse and 
parent) and conditioned on the parent’s phenotype, are shown in Table 3. The “no major 
type” (environmental) model and all Mendelian models were rejected. However, all the 
Mendelian models fit the data significantly better than the “no major type” one 
distribution model (%2 = 15.9, df = 3, p < 0.01; %2 = 11.2, df = 2, p < 0.01; %2 = 13.6, df = 
2, p < 0.01, for Mendelian arbitrary, dominant, and recessive models, respectively). 
Moreover, the Mendelian arbitrary model, in which susceptibility of types is not 
constrained, most closely resembled and was not significantly different from the recessive 
model (x2 = 2.3, df = 1, p > 0.10). In contrast, the Mendelian arbitrary model was 
significantly different from the dominant model (x2 = 4.7, df = 1, p < 0.05). These data 
are thus compatible with an oligogenic mode of inheritance and show some evidence of a 
recessive component for asthma with an estimated frequency of 0.67 + 0.11. The 
comparison with the “no major type” model also indicates that the effect of this possible 
recessive component is significant in the presence of residual family effects (line 5 versus 
line 2, %2 = 13.6, df = 1 - 2, p < 0.01). To test whether these residual family effects were 
significant in the presence of a recessive component, the -21n likelihood value (3130.8) 
that conditioned on the phenotype of the parents but did not include residual family 
effects was compared with the -21n likelihood for the equivalent model, which did include 
these effects (Table 3, line 5). A comparison of these two models (x2 = 38.2, df=4, p < 
0.001) indicates that there is a significant additional familial component contributing to 
the inheritance of asthma over and above the component already accounted for by 
Mendelian inheritance, after conditioning on the parents. Such a familial component may 
comprise both genetic and environmental factors. The addition of covariates to represent 
the family type, in terms of ethnicity, did not substantially change these results, the gene 
frequency from the Mendelian recessive model being 0.70 + 0.11.



TABLE 2

PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF ASTHMA, BASED ON THE MODEL THAT 
GENOTYPE INFLUENCES SUSCEPTIBILITY TO ASTHMA WITH RESIDUAL PARENT, SPOUSE, AND SIBLING EFFECTS; 

MODELS COMPARED WITH UNRESTRICTED MODEL; 906  PEDIGREES, 3 ,369  INDIVIDUALS

Gene
Frequency

qA

Transmission
Probabilities

Residual 
Parent Effects

Residual 
Spouse Effects

Residual 
Sibling Effects Susceptibilities

-2 Ln 
(Likelihood)Model t aa  TAB t 6 b 8Pu* 8Pa§ SSpuH SSpal 8Sbu# 6Sba«* Yaa Ya b YB8 X2 df* p Value

Plus residual parent-offspring and spouse 
effects and sibling covariates 

Unrestricted 0.48 [1.0] [0.0] [0.0] [0.0] 0.85 [0.0] -1.49 [0.0] 0.90 '[1.00] [0.0] 0.21 3,958.3
No major type - —  —  — [0.0] 1.40 [0.0] -1.62 [0.0] 1.76 0.59 0.59 0.59 4,024.4 66.1 1-5 < 0.001

(environmental) 
Mendelian arbitrary 0.33 (1.0) (0.5) (0.0) [0.0] 1.40 [0.0] -1.62 [0.0] 1.76 0.59 0.59 0.59+ 4,024.4 66.1 0-2 < 0.001
Mendelian dominant 0.22 (1.0) (0.5) (0.0) [0.0] 1.40 [0.0] -1.62 [0.0] 1.76 0.59 0.59 0.59+ 4,024.4 66.1 0-3 < 0.001
Mendelian recessive 0.29 (1.0) (0.5) (0.0) [0.0] 1.40 [0.0] -1.62 [0.0] 1.76 0.59 0.59 0.59+ 4,024.4 66.1 0-3 <0.001

* W hen there was a range of degrees of freedom  due to param eters being fixed by the maximum likelihood algorithm , probability was assessed at the m idpoint of the  degrees 
of freedom.

t  Differences in these susceptibilities occurred in the 4th or 5th significant figure.
$ Per parent unaffected with asthm a.
§ Per parent affected with asthma.II Spouse unaffected with asthma.
9 Spouse affected with asthm a.
# Per preceding sibling unaffected with asthma.
** Per preceding sibling affected with asthma.
( ) Indicates fixed by the model.
[ J Indicates fixed by the maximum likelihood algorithm.



TABLE 3

PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF ASTHMA, BASED ON THE MODEL THAT 
GENOTYPE INFLUENCES SUSCEPTIBILITY TO ASTHMA, WITH RESIDUAL PARENT AND SPOUSE EFFECTS AND CONDITIONING 

ON ONE PARENT (AVERAGE OF TWO ANALYSES CONDITIONING SEPARATELY ON MOTHER AND FATHER);
MODELS COMPARED WITH UNRESTRICTED MODEL; 906  PEDIGREES, 3,369 INDIVIDUALS

Gene
Frequency

qA

Transmission
Probabilities

Residual 
Parent Effects

Residual 
Spouse Effects Susceptibilities

-2 Ln 
(Likelihood)Model Ta a t a b T bb 8Pu* 8 Pat SSpu* 8SpaS Ya a Y a b Y b b x2 df# p Value

Plus residual parent-offspring and spouse effects 
and conditioning on parents 

Unrestricted 0.39 0.97 [1.0] [0.0] [0.0] 0.94 [0.0] . -2.19 [1.0] [0.0] 0.13 3,033.0
No major type - - - - -0.01 1.12 [0.0] -2.59 0.68 0.68 0.68 3,106.2 73.2 1-6 < 0.001

(environmental) 
Mendelian arbitrary 0.54 (1.0) (0.5) (0.0) [0.0] 0.96 [0.0] -3.04 0.91 [0.0] 0.56 3,090.3 57.3 0-3 <0.001
Mendelian dominant 0.31 (1-0) (0.5) (0.0) [0.0] 0.76 [0.0] -3.02 0.78 0.78 0.03 3,095.0 62.0 0-4 < 0.001
Mendelian recessive 0.67 (1.0) (0-5) (0.0) [0.0] 0.72 [0.0] -3.06 0.88 0.03 0.03 3,092.6 59.6 0-4 < 0.001

* Per parent unaffected with asthma, 
f  Per parent affected with asthm a.
$ Spouse unaffected with asthma.
5 Spouse affected with asthm a.
H When there was a range of degrees of freedom  due to param eters being fixed by the maximum likelihood algorithm, probability was assessed at the midpoint of the degrees 

of freedom.
( ) Indicates fixed by the model.
[ ] Indicates fixed by the maximum likelihood algorithm.
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When the analyses were performed for families who were Hispanic, non-Hispanic 
white, and those with one Hispanic and one non-Hispanic white parent, respectively, no 
significant genetic heterogeneity across ethnic groups was found (%2 for heterogeneity = 
12.0, df= 16, p>  0.50).

For the 3,067 individuals who had personal and passive smoking information 
available, models without residual family effects or conditioning on the parents indicated 
that only personal smoking significantly added to the models. Personal smoking was 
defined as smoking 10 or more cigarettes per day; passive smoking was defined as being 
a member of a family with a smoker of 10 or more cigarettes per day. With the addition 
of residual parent and spouse effects and conditioning on the parents, analyses indicated 
that personal smoking did not contribute significantly to the models; results were 
comparable to those in the larger group.

Four representative nuclear families with at least one asthmatic member are 
shown in the Figure. The probabilities for each family member’s three putative 
genotypes, as derived from the recessive regressive model in Table 3, are provided.

Serum samples were obtained and serum IgE levels were assayed in 1,665 
subjects belonging to 594 pedigrees with data for asthma diagnosis. One of the main 
sources of missing data was individuals who refused or were unavailable for phlebotomy. 
As previously shown (11), families included (with serum IgE levels) showed no 
significant difference in parental history of asthma or hay fever or percentage of parents 
smoking compared with those not included; years of maternal education, however, were
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significantly higher for families included. In this subset the likelihoods of all models 
significantly increased with the addition of the covariate IgE affecting the baseline age of 
onset. Results for the different models, after age- and gender-adjusted log10 IgE values 
were added as a covariate, were comparable to results in the larger group, indicating an 
oligogenic mode of inheritance. Additional segregation analyses indicated no significant 
heterogeneity between the groups of individuals with and without serum IgE data.

DISCUSSION

Our results suggest that the inheritance of asthma is mediated by a strong familial 
component, taking the form of an oligogenic mode of inheritance that includes the 
possibility of a recessive genetic component present in the population with an estimated 
frequency of 0.67 ±0.11, plus an additional polygenic/multifactorial component, all of 
which may influence the phenotypic expression of the disease.

Such a recessive component could well be different from the putative major gene 
we recently described for total serum IgE levels. Addition of serum IgE levels as a 
covariate to the asthma segregation analyses led to a similar oligogenic mode of 
inheritance and indicated that it was largely confounded with the residual familial effects. 
Total serum IgE levels have been shown to be strongly associated with the risk of 
developing asthma in large population samples (23). Moreover, no physician-diagnosed 
asthma was reported in subjects with very low serum IgE levels. We recently showed in 
this same sample that total serum IgE levels may be controlled by a major codominant 
gene (11). Previous studies have provided evidence for recessive inheritance of high 
levels of IgE with a very frequent “low” gene (24), a frequent “high” gene (25), as well as 
with a very rare “low” gene (25), for codominant inheritance (26), and for polygenic 
control (27). Others have reported linkage between total serum IgE levels and markers 
located on chromosome 5q (28, 29). In our previous study the gene frequency for the 
allele responsible for high IgE levels was 0.34, lower than that of the possible recessive 
component for asthma.

While there is some evidence that a gene may be segregating in our data, we 
cannot exclude the possibility of more than one gene with similar influences. Under the 
unconditional class D regressive model, all Mendelian models were rejected, as was the 
“no major type” (environmental) model, although a significant familial component was 
shown to be present. Such results are compatible with a polygenic/multifactorial mode of 
inheritance. However, in this class D model the spouse effects added significantly to the 
model, even though there is no actual spouse correlation in the data (pSp = -0.06), 
indicating that this class D model, which adds siblings’ values as covariates, does not 
sufficiently account for the excess sibling over parent-offspring correlation. Only when 
emulating the class D model by conditioning on the parents’ phenotypes, which has the 
advantage that the likelihood is no longer dependent on the order of the siblings but the 
disadvantage that much information is lost, did the possibility of an oligogenic mode of 
inheritance become apparent. However, this emulation also indicated a significant 
polygenic/multifactorial component. Further theoretical work will be required for this
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emulation procedure to confirm that the assumptions, based on continuous traits, also 
apply to discrete traits.

Nongenetic factors may imitate Mendelian segregation. It has been shown that the 
models described in this report are not resistant to finding spurious associations unless the 
three criteria described earlier are met (15). Furthermore, our results may be subject to 
bias because parents reported both their own diagnoses and those of their offspring. It is 
also possible that physicians may tend to diagnose asthma more often in subjects whose 
parents have asthma. However, biases of this type are usually associated with spurious 
dominant patterns, whereas in our data the most likely pattern was that of recessive 
inheritance. Still, potential under-reporting in parents, due to the retrospective 
ascertainment of the parents’ diagnosis, would tend to bias results in favor of recessive 
inheritance. Nevertheless, consistently finding the same inheritance mechanism with 
similar gene frequency, fitting best across ethnic groups with very different cultural 
backgrounds, suggests that a recessive component may be segregating in our data.
Linkage analysis of this putative locus with candidate genes or with equally spaced 
markers in a genome-wide search will be necessary to confirm its existence.

Several lines of evidence suggest that, although IgE mediated reactions occurring 
in the airways play an important role in asthma, several other phenotypic characteristics 
are associated with the disease and may be under genetic control. It has been 
hypothesized, for example, that bronchial hyperresponsiveness may be genetically 
determined (30). Asymptomatic parents of children with asthma show a bimodal 
distribution of bronchial hyperresponsiveness (31), and intrapair correlation for bronchial 
hyperresponsiveness is higher among monozygotic than among dizygotic twins (32). 
Studies in animals have also suggested that bronchial hyperresponsiveness may be under 
genetic control (33). Segregation analysis of bronchial hyperresponsiveness using similar 
transmission models to those reported herein showed strong bimodality of the data, but 
intergenerational dependency was slight and could not be accounted for by major gene 
segregation. Although oligogenic or polygenic inheritance was postulated (34), the effect 
was necessarily small and the putative genetic component described in the present study 
could therefore hardly be accounted for by the familial aggregation of bronchial 
hyperresponsiveness. Unfortunately, the factors that control airway tone are not well 
understood, and thus possible candidate genes are difficult to define.

A further asthma-related phenotype could be specific IgE antibody to a single 
allergen complex, for example, the house dust mites (35), or, in our locale, the molds of 
the genus Altemaria. It has been reported that specific reactivity to aeroallergens, but not 
total serum IgE levels, shows evidence of linkage with markers for the beta subunit of the 
T-cell receptor (36). Muscarinic receptor function, beta-andrenoceptor function, and 
nonadrenergic and noncholinergic neural mechanisms may all be abnormal in asthma 
(37), but it is not known if these abnormalities are genetically mediated and may thus be 
responsible for the inheritance patterns observed in this study.
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APPENDIX

The penetrance functions used were: 

if affected at age a.

yu a e9 / (1 + e6)* 1 2 3 

if unaffected at age a,

l - y u e9/ ( l + e e)

with 0 = a a  + Ps + 6 (mother) + 6 (father) + 6 (spouse) + 2; ^  X; where

yu = susceptibility for type u
a = age coefficient
(3S = baseline parameter for sex s
5 (relative) = residual effect for relative being affected or unaffected 
Xj = i -th covariate

= regression coefficient for i -th covariate

The Box-Cox transform (Tables 2 and 3 only) was performed by replacing a in the above 
expression by (a* -  1) / A gM, where g is the geometric mean of the observed ages of 
onset, and estimating the power parameter A simultaneously with the other parameters in 
the model.
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Studies have demonstrated familial aggregation of lung function. This study employed segregation 
analysis to investigate the mode of inheritance of FEX̂  using regressive models for continuous traits. 
The study population comprised 309 families (1,163 individuals) enrolled in the Tucson Children's 
Respiratory Study who had both parents and at least one child with FEV\ data. Results showed signif
icant genetic heterogeneity among the 87 families (328 individuals) with at least one member with 
asthma and the 222 families (835 individuals) with no asthmatic members. In families with no asth
matic members, all statistical models were rejected, indicating the absence of a major gene controlling 
lung function. However, a significant familial component indicated a strong polygenic/multifactorial 
mode of inheritance. In families with asthmatic member(s), results suggested polygenic/multifacto
rial inheritance with weak evidence for a Mendelian component expressed in a recessive fashion. How
ever, while both father-offspring and mother-offspring correlations were statistically significant in 
families with no asthmatic members, only the mother-offspring correlation was significant in families 
with asthmatic members. The data suggest that lung function is inherited as a polygenic/multifacto
rial trait, but in asthmatic families a major element of intergenerational correlation is associated with 
a maternal influence, which may be genetically or environmentally mediated. Holberg CJ, Morgan 
Wj, Wright AL, Martinez FD. Differences in familial segregation of FEV, betw een asthmatic 
and nonasthmatic families: role of a maternal com ponent, a m  j respir  cr it  care m ed  I9 9 8 ;i5 8 :i6 2 - i6 9 .

Studies in a number of different populations have dem on
strated familial aggregation of lung function (1, 2), with ge
netic hcrilability estimates for FEV, ranging from 30% (3) to 
41-47%  (4). An additional amount o f variance in lung func
tion, ranging from 1 to about 30%, depending on the age 
group and variables considered, has been explained by com 
mon familial environmental factors (4). Several twin studies, 
which have compared the relation of lung function parameters 
in monozygotic and dizygotic twins, have also concluded that a 
large proportion o f variability in lung function can be ac
counted for by genetic influences with additional environmen
tal effects. For example, heritability estimates for FEV, as 
high as 77% were noted in monozygotic twins (5), while com
parisons of similarities in lung function among relatives differ-
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ing in their degree of shared environm ent suggested a multi
factorial m ode of inheritance (6).

D espite the many studies suggesting a familial component 
in the determination of lung function, there have been few in
vestigations o f potential m odes o f inheritance. Such investiga
tions have applied segregation analysis, using regressive mod
els to assess M endelian m odes o f inheritance. They have 
shown evidence for a major codom inant gene for FEV, in 
families with chronic obstructive pulmonary disease (COPD) 
(7) or suggested polygenic control o f FEV, or common envi
ronmental factors (8).

The aim o f this study is to search for M endelian inheritance 
patterns in the determination of lung function in family data. 
A lso, since the phenotypic expression of lung function can be 
considered a potential subphenotype o f the asthmatic condi
tion, we have examined inheritance mechanisms for lung func
tion in families with and without asthmatic members.

METHODS
The subjects for this study were drawn from families enrolled in the 
Tucson Children's Respiratory Study (CRS), a large longitudinal 
study investigating the risk factors for asthma and other acute and 
chronic lower respiratory illnesses in infancy and childhood (l)). Be
tween 1980 and 1984, 1,246 healthy newborns from 1,151 families 
were enrolled in the CRS. All were members of one of the largest 
health maintenance organizations in Tucson at that time, which was a 
requirement for enrollment. This study was approved by the Human 
Subjects Committee of the University of Arizona, and parents have 
signed consent forms at all phases of the study. When enrolled chil-
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Studies in a number of different populations have demonstrated familial aggregation of 
lung function (1,2), with genetic heritability estimates for FEV1 ranging from 30% (3) to 
41 - 47% (4). An additional amount of variance in lung function, ranging from 1 to about 
30%, depending on the age group and variables considered, has been explained by 
common familial environmental factors (4). Several twin studies, which have compared 
the relation of lung function parameters in monozygotic and dizygotic twins, have also 
concluded that a large proportion of variability in lung function can be accounted for by 
generic influences with additional environmental effects. For example, heritability 
estimates for FEV) as high as 77% were noted in monozygotic twins (5), while 
comparisons of similarities in lung function among relatives differing in their degree of 
shared environment suggested a multifactorial mode of inheritance (6).

Despite the many studies suggesting a familial component in the determination of 
lung function, there have been few investigations of potential modes of inheritance. Such 
investigations have applied segregation analysis, using regressive models to assess 
Mendelian modes of inheritance. They have shown evidence for a major codominant gene 
for FEVj in families with chronic obstructive pulmonary disease (COPD) (7) or suggested 
polygenic control of FEY) or common environmental factors (8).

The aim of this study is to search for Mendelian inheritance patterns in the 
determination of lung function in family data. Also, since the phenotypic expression of 
lung function can be considered a potential subphenotype of the asthmatic condition, we 
have examined inheritance mechanisms for lung function in families with and without 
asthmatic members.

METHODS

The subjects for this study were drawn from families enrolled in the Tucson Children's 
Respiratory Study (CRS), a large longitudinal study investigating the risk factors for 
asthma and other acute and chronic lower respiratory illnesses in infancy and childhood 
(9). Between 1980 and 1984,1,246 healthy newborns from 1,151 families were enrolled 
in the CRS . All were members of one of the largest health maintenance organizations in
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Tucson at that time, which was a requirement for enrollment. This study was approved by 
the Human Subjects Committee of the University of Arizona, and parents have signed 
consent forms at all phases of the study. When enrolled children were approximately 6 yr 
old, all older siblings and parents who consented were given an in depth evaluation, 
which included lung function measurement. Enrolled children and younger siblings had 
an in depth evaluation that included lung function testing when they were approximately 
10 yr old.

Spirometry, conforming to the American Thoracic Society Snowbird criteria (10), 
was performed with a pneumotachograph as described by Knudson and colleagues (11). 
The pulmonary function index used in this analysis was FEV,. A total of 674 mothers,
513 fathers, 545 siblings, and 424 enrolled children had lung function tests before or 
during March 1994. Only those families in which pulmonary function tests were available 
for the mother, father, and at least one child are included in this analysis. In addition, 
since one of our objectives was to assess genetic heterogeneity across ethnic groups, only 
families where the biological parents declared they were either non-Hispanic white 
(NHW) or Hispanic were included; there were not enough representatives of other ethnic 
groups to consider them separately. A total of 309 families with 1,163 individuals met 
these criteria (Table 1), comprising 51 families (202 members) with both parents 
Hispanic, 219 families (814 members) with NHW parents, and 39 families (147 
members) with one Hispanic and one NHW parent. To reduce the effect of height on any 
given measurement of FEV), observed values were divided by the square of the height. 
This correction has been demonstrated to be most effective in adults and adolescents and 
to be an approximation for younger children (12). Observed values divided by height 
squared were further adjusted for age and height within each sex and ethnic group, using 
continuous regression equations, applying previously determined age breakpoints (13). 
Separate equations were derived for NHW and Hispanic parents and children and for 
children of an NHW and a Hispanic parent. Individual values were expressed as Z-scored 
residuals. There were no significant differences in adjusted FEV  ̂between parents and 
children, nor by sex or ethnic group, since age, sex and ethnicity had all been adjusted for. 
In addition, neither weight at the time of spirometry, nor a measure of body habitus 
(height / V  weight) were significantly related to the adjusted FEV^ accounting for an 
additional 0.1% of the variance both individually and when combined.

Questionnaires administered at the time of the pulmonary function tests, 
completed by parents for themselves and on behalf of family members, provided 
information on currently active physician diagnosed asthma, and smoking status (current 
or former smoker). Also, children over age 10 were asked privately if they smoked 
cigarettes currently, or in the past. Current and past environmental tobacco smoke (ETS) 
exposure variables were created for children, being positive if either parent was a current 
or former smoker, respectively.



TABLE 1

CHAIRACTEESTOCS OF FAMILIES INCLUDED AND NOT INCLUDED IN SEGREGATION ANALYSES

Family Included Family Not Included
Variable (n = 309) (n — 842) p Value

At least one parent with more than a high school education, % 
No previous births at enrollment, %
Mothers considering work outside home at enrollment, % 
Married, %
Either parent ever physician-diagnosed with asthma, %
Either parent ever physician-diagnosed with hay fever, % 
Father smokes, %
Mother smokes, %
Father's age at enrollment, yr 
Mother's age at enrollment, yr 
Both parents non-Hispanic white, %

86.0 76.3 <  0.0004
31.7 50.4 <  0.0001
47.6 60.5 <  0.0001
99.0 87.8 <  0.0001
23.7 22.6 0.70
62.8 57.2 0.09
23.7 32.1 < 0.01
13.0 19.9 <0.01
30.5 29.1 0.0003
28.1 26.8 <  0.0001
72.5 55.1 <  0.0001
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Statistical Methods
Familial correlation coefficients were calculated using the program FCOR within the 
Statistical Analysis for Genetic Epidemiology (SAGE) software package (14). Heritability 
is defined as the proportion of variation directly attributable to genetic differences among 
individuals relative to the total variation in a population (15). Empirical heritability, 
however, makes no assumptions about biologic mechanisms accounting for the 
proportion of variation in an offspring's trait directly attributable to the trait values in the 
parents. Such mechanisms may involve genetic and/or environmental factors. Empirical 
heritability was calculated as twice the regression coefficient of the child on one parent, 
or the coefficient itself from a regression of the child's values on the average of both 
parents (15). This measure can be used to predict offspring phenotype given a parent's 
phenotype.

To examine the fit of postulated genetic and nongenetic (environmental) models 
to the data, we applied segregation analysis using class D regressive models for 
continuous traits (16) as described by Martinez and colleagues (17). Briefly, segregation 
analysis for continuous variables is a method of modelling data to test whether a mixture 
of normal distributions fits the data better than a single distribution and to test whether 
Mendelian ratios can be detected in the transmission of a trait between generations. The 
model translates assumptions about genetic and environmental trait determinants into 
mathematical equations with a number of model parameters, shown in Tables 3 through 
5, which are estimated. These models, which are incorporated into the SAGE software 
package (14), assume the trait to be a linear function of the major genotypes, the 
phenotypes and genotypes of antecedents, and other covariates. Mendelian inheritance, if 
present, is presumed to be through a single autosomal locus with two alleles, A and B, in 
our case with the putative A allele being associated with a high level of the pulmonary 
function index. Three types of individual are assumed, which for genetic models 
correspond to the three possible genotypes and the means, pAA, pAB, and pBB of these 
distributions are estimated by the model. Random mating and Flardy-Weinberg 
equilibrium proportions are assumed (18). The type frequencies are defined in terms of 
qA, the frequency of allele A, where the type frequencies (i|f) are as follows:

4̂ aa — 4 a2’ ^ ab — 2qA(l - qA); ^ bb = (1 ■ 4 a)2 (1 )

In addition, since the assumption of normality, conditional on type, is critical for 
the methods described above (18), the FEVj Z-scores were simultaneously normalized 
using the standardized Box-Cox transform that was implemented within the SAGE 
software package (14). In the results, the means of the type distributions are expressed as 
Z-scores that have been recalculated from the means of the Box-Cox transforms obtained 
from the different models, as described by Martinez and colleagues (17).

Model parameters were constrained (fixed) to define each of three hypothetical 
genetic (Mendelian) models and three nongenetic models, i.e., no major type or one 
distribution, and two environmental models that both disallow intergenerational 
transmission, but allow type distributions with or without heterogeneity between the 
generations. The addition of residual family effects (RFE), such as spouse-spouse, parent
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offspring, or sibling-sibling to these models tests for the presence of a major gene plus an 
additional multifactorial component, representing genetic effects that may be non- 
Mendelian and/or the effects of a shared environment, beyond major gene segregation.

An unrestricted model in which parameters are unconstrained represents the best 
fit to the observed data. If the pattern predicted by the model is not significantly different 
from the pattern of the observed data, as represented by the unrestricted model, then the 
model fits the data and provides evidence in support of the model. Alternatively, if the 
model differs significantly from the observed data, then that model is rejected. The 
likelihood ratio test was used to evaluate specific hypotheses (17), with the degrees of 
freedom being the difference in the number of parameters estimated between models. In 
cases where parameter estimates converged to bounds, probability was assessed at the 
midpoint of a range of degrees of freedom as described previously (19). Briefly, 
comparing parameter to parameter, the maximum degrees of freedom was calculated by 
subtracting from the number of parameters in the unrestricted model the number of 
parameters maximized in the restricted model, but ignoring parameters that have the same 
boundary values in both models. For example, if a transmission probability is maximized 
in the unrestricted model at the same value at which it is fixed (constrained) under the 
hypothesis, one is cancelled against the other. The minimum was obtained by subtracting 
from this the number of parameters that went to bounds in the unrestricted model and 
adding the number that went to bounds in the restricted model, again ignoring parameters 
that have the same boundary values in both models; if this number was negative it was 
taken to be zero. In general, this procedure has the effect of reducing the number of 
degrees of freedom between model comparisons, making it more likely that specific 
hypotheses will be significantly different from the unrestricted model and therefore 
rejected. An example of the calculation of the degrees of freedom is given as a footnote to 
Table 3. Akaike’s information criteria (AIC), which weights the loge-likelihood by the 
number of parameters estimated, was also calculated, as previously described (17) to 
assess which model best fit the data in cases of competing models where one was not a 
strict subset of the other, with the same number of parameters. The AICs were calculated 
with and without parameters fixed at a bound (AICmax and AICmin, respectively). Since 
conclusions were the same with both AICs, only AICmin is presented in the results.

Segregation analyses were performed with and without active smoking, ETS 
exposure, and current asthma status as covariates, within ethnic groups, and for the total 
group. Analyses were also conducted, with ascertainment correction, for the 87 families 
(328 members) who had at least one family member with current physician diagnosed 
asthma and in the remaining 222 families (835 members) with no asthmatic members. 
Tests for generic heterogeneity between ethnic groups and between families with and 
without asthmatic members were performed as described by Martinez and colleagues 
(17). In addition, for certain models mean FEV1 values in liters (L) were calculated from 
these Z-scores at the mean height for boys and girls, respectively (mean height +_SD:
143.6 4^6.5cm, boys; 143.2 +.6.8cm, girls) at age 10 yr.
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RESULTS

Table 1 shows characteristics of the 309 families included in the segregation analyses and 
the ,842 families not included, according to demographic and diagnostic criteria. In 
addition, for NHW and Hispanic individuals with lung function tests, there were no 
significant differences in the proportion with current asthma, parents’ smoking status, 
adjusted FEVj, or age at time of testing between those individuals who were included in 
analyses (n =1,163), and those with lung function tests who were not included (n = 661). 
Mean age (+ SD) of parents at the time of lung function testing was 36.4 + 5.3 yr for 
fathers and 33.7 + 4.2 yr for mothers; children were tested at a mean age of 9.7 +J2.0 yr. 
The prevalence of active physician diagnosed asthma in the analysis group was 9.8%. 
Individuals with currently active physician diagnosed asthma had a lower adjusted FEVj 
Z-score (-0.63) than those without (0.06, p < 0.0001). Overall, 18.0% of parents were 
current smokers (20.8% of fathers and 15.2% of mothers); current smokers had a lower, 
but not significantly lower, adjusted FEVj Z-score compared with others (-0.16 versus
0.002, p = 0.120).

Tests for genetic heterogeneity between families who were NHW, Hispanic, or 
NHW/Hispanic indicated no significant difference in the pattern of genetic inheritance %2 
for heterogeneity, 27.2; df = 20; p = 0.130) between the three groups. Groups were 
therefore combined for analytic purposes. The 309 families comprised 87 (28.2%) with at 
least one family member who had current physician diagnosed asthma and 222 families 
with no asthmatic family members. There was significant genetic heterogeneity between 
families with and without asthmatic members (%2 for heterogeneity, 27.4; df =13; p = 
0.011). Therefore, separate analyses were performed for these two groups.

Table 2 shows the familial correlation coefficients for FEV1 in the 87 families 
with at least one member with asthma, the 222 families with no asthmatic members, and 
the two groups combined. The spouse-spouse correlations are low and not statistically 
significant, whereas the higher and statistically significant parent-offspring and sibling
sibling correlations indicate intergenerational transmission. The sibling-sibling 
correlations are higher than parent-offspring correlations, suggesting either dominance 
variance or additional family associations, beyond common parentage. In the families 
with asthmatic members the mother-offspring correlation (p = 0.26) is statistically 
significant, and higher than the statistically nonsignificant father-offspring correlation 
(p = 0.06). These data are shown in Figures 1 and 2 with plots of the child's FEVj Z-score 
versus the mother's and father's FEVj Z-scores respectively, for families with asthmatic 
members. The slopes and intercepts of the regression lines were calculated using the 
method of Press and colleagues (20), which minimizes the %2 goodness of fit for data 
points having errors on both axes. Empirical heritability (15) ranged from 0.09 to 0.41 
when considering father-offspring or mother-offspring, respectively, and was 0.28 when 
the mid-parent (average of both parents) value was used. There was no significant 
heterogeneity in familial correlations by ethnic group for families without asthmatic 
members ( p = 0.439). There were insufficient Hispanic families (9) and NHW/Hispanic 
families (8) with asthmatic members to assess heterogeneity for families



CORRELATION COEFFICIENTS (p) FOR FEV, ADJUSTED FOR AGE, HEIGHT, SEX, AND ETHNIC GROUP

TABLE 2

Families with at Least One 
Current Asthmatic Member 
(8 7  pedigrees, 3 2 8  subjects)

Families with No Asthmatic Members 
(2 2 2  pedigrees, 8 3 5  subjects)

Total
(3 0 9  pedigrees, 1, /6 3  subjects)

p No. of pairs p Value p No. of pairs p Value p No. of pairs p Value

Spouse-spouse -0.069 87 0.526 -0.034 222 0.610 0.007 309 0.907
Parent-offspring 0.159 308 0.005 0.206 782 < 0.001 0.193 1/090 < 0.001
Mother-offspring 0.258 154 0.001 0.177 391 < 0.001 0.206 545 < 0.001
Father-offspring 0.063 154 0.439 0.231 391 < 0.001 0.182 545 < 0.001
Sibling-sibling 0.398 91 < 0.001 0.263 252 < 0.001 0.315 343 < 0.001



M o th er ’s F E V 1 (z -s c o r e )

Figure 1. Plot and regression line of child’s FEV, Z-score versus 
mother’s FEV, Z-score in families with at least one asthmatic 
member. Pearson’s correlation coefficient 0.26 p < 0.01. Equation of 
line: expected child FEV, Z-score = 0.110 + (0.298 • mother’s FEV, 
Z-score).

F a th er’s  F E V  1 ( z -s c o r e )

Figure 2. Plot and regression line of child’s FEV, Z-score versus 
father’s FEV, Z-score in families with at least one asthmatic 
member. Pearson’s correlation coefficient 0.06, p > 0.40. Equation 
of line: expected child FEV, Z-score = -0.008 + (0.069 • father’s 
FEV, Z-score).
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with asthmatic probands, although trends in familial correlations were the same by ethnic 
group.

Table 3 shows the results of fitting class D regressive models to the data of the 
families without asthmatic members. Parameter estimates with REE (spouse-spouse, 
parent-offspring and sibling-sibling), but without covariates are shown. This segregation 
analysis demonstrated that all models were significantly different from the unrestricted 
model and could therefore be rejected. However, comparison of the “no major type” 
model (line 2) with an equivalent model that excluded parent-offspring, spouse-spouse 
and sibling-sibling effects (sporadic model) indicated a strong familial component %2 = 
45.9, df = 3, p <0.0001). This familial component was statistically significant over and 
above all six models tested. Also, comparison of three distributional genetic and 
nongenetic models with the one distribution model indicated no significant differences 
(line 7 versus 2, %2 = 5.4, df = 4, p = 0.249; line 6 versus 2, %2 =1.6, df = 3, p = 0.659; 
line 3 versus 2, %2 = 5.8, df = 3, p = 0.122), suggesting a polygenic/multifactorial mode of 
inheritance. Further, AIC values indicated very little difference between the no-major- 
type, Mendelian arbitrary, and recessive models and the second environmental model, 
which allows for heterogeneity between generations. The addition of smoking covariates 
(current, former, ETS-current and ETS-former) did not appreciably change these findings.

In families with at least one asthmatic member, there was a significant parent- 
offspring correlation (p = 0.034), a significant sibling correlation (p <0.0004) and a 
nonsignificant spouse-spouse correlation compared with the sporadic model without REE. 
Analyses without REE indicated that the Mendelian arbitrary, recessive, and 
environmental (t = qA) models fit the data as well as the unrestricted model (%2 = 1.1, df = 
1, p = 0.294; %2 = 1.4, df = 2, p = 0.497; %2 = 5.7, df = 3, p = 0.127). Table 4 shows the 
parameter estimates from segregation analysis of FEVj, with ascertainment correction in 
these families with REE (spouse-spouse, parent-offspring, sibling-sibling), plus 
covariates. These analyses allowed the rejection of both environmental hypotheses (p = 
0.005, 0.024). The Mendelian arbitrary, dominant, and recessive hypotheses could not be 
rejected (p = 0.202, 0.079, 0.158). Although the Mendelian arbitrary model was not 
significantly different from the other Mendelian models, AICs indicated that the 
Mendelian arbitrary and recessive models fit the data better than the Mendelian dominant 
model (AIC = 639.9, 639.9, and 641.5, respectively). However, the no-major-type, one- 
distribution hypothesis was also not rejected (p = 0.055), although it was borderline, 
indicating that a polygenic/multifactorial model fits the data as well as the Mendelian 
single-locus model plus additional genetic/multifactorial effects (“mixed” model). This is 
further supported by a comparison of the Mendelian model and the polygenic/ 
multifactorial model (model 3 versus 2) (%2 = 7.6, df = 4, p = 0.110), which indicates that 
the Mendelian component is not significant within a polygenic/multifactorial context. 
Furthermore, there was no significant difference between the first environmental model 
(t = qA) with REE compared to that without (%2 = 2.9, df = 4, p = 0.575), suggesting that 

nontransmissible environmental factors responsible for the mixture of distributions could 
not be ruled out.



TABLE 3

PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF FEV, FOR FAMILIES WITH NO
ASTHMATIC MEMBERS WITH RESIDUAL FAMILY EFFECTS WITHOUT COVARIATES

Transmission

Model

Gene
Frequency

(<W

Probabilities Mean FEV, Score* Family Correlations
—2 In 

likelihood AIC df* p ValueTab TBB P'AA P'AB P'flB Pro PSJB-SiB PSPOUSE

1. Unrestricted* 0.11 [1.0] 0.30 [0.0] 2.77 1.07 -0.10 0.17 0.26 -0.05 2176.8 2196.8
2. No major type5 — ■■■■ — — — — 0.09 0.09 0.09 0.23 0.28 -0.02 2188.2 2202.2 3-6 0.022
3. Mendelian arbitrary11 0.10 (1.0) (0.5) (0.0) 2.54 0.91 -0.09 0.17 0.23 -0.03 2182.4 2200.4 1 0.018
4, Mendelian dominant5 0.30 (1.0) (0.5) (0.0) 0.24 0.24 -0.06 0.22 0.28 -0.02 2188.3 2206.3 1-2 0.001
5. Mendelian recessive** 0.11 (1.0) (0.5) (0.0) 1.96 0.08 0.08 0.23 0.26 -0.02 2185,9 2201.9 2 0.011
6. Environmental (r = q*) 0.05 0.05 0.05 0.05 2.65 -0,76 0.17 0.25 0.30 -0.02 2186.6 2204.6 1-3 0.007
7. Environmental (? # %) 0.43 0.21 0.21 0.21 1.02 -0.16 0.07 0.25 0.29 -0.07 2182.8 2202.8 0-2 0.014

Models were compared with unrestricted model (222 pedigrees, 835 subjects).
() Fixed by the model.
[ ] Fixed by the maximum likelihood algorithm (MIA).
* FEV-, Z-scores recalculated from Box-Cox transform means.
t When there was a range of df due to parameters being fixed by the MLA, probability was assessed at the df midpoint, which was truncated if not an integer.
* There are 13 and 7 parameters estimated by this unrestricted model and Model 2, respectively, which include the parameters tabulated, plus Xt and X2 for the Box-Cox transform 

and a variance a2. The maximum df for this comparison is 6, the minimum 3, because Xz, and rM all went to bounds, i.e., were fixed by the MLA, in the unrestricted model. 
Model 3 estimates 10 parameters (i.e., t ' s  are excluded). The maximum df is 1, because t m  and T #  were both fixed by the MIA at the same value as they were fixed by Model 3, and 
cancel each other. The minimum is also 1, because of the latter, and X2 went to a bound in both models. Thus x2 = 5.6, df = 1,p = 0.018.

5 Xz did not go to a bound.
I Mean FEV1 (L) at mean height for each genotype for boys and girls aged 10 yr: boys, 2.98, 2.43, 2.20; girls, 2.78, 2.35, 2.09.
^  Mean FEV, (l) at mean height for each genotype for boys and girls aged 10 yr: boys, 2,72, 2.21, 2.21; girls, 2.58, 2.10,2.10.



TABLE 4

PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF FEV, FOR FAMILIES WITH
AT LEAST ONE ASTHMATIC MEMBER, WITH RESIDUAL FAMILY EFFECTS*

Transmission
^ ene Probabilities Mean FEV, Score* Family Correlations

Frequency -------------------------- ------------------------------  ----------------------------------  -2  In
Model ( A a ) Ta a t a b T bb P'AA P'AB P'BB P r o PS1B-SIB P s t o u s e likelihood AIC df* p Value

1. Unrestricted 0.18 [1.0] 0.22 0.11 1,73 0.42 -0.53 -0.14 0.41 -0.01 608.7 640.7
2. No major type5 — —— — — —0.12 -0.12 -0.12 0.15 0.46 0.05 619.5 643.5 4-6 0.055
3. Mendelian arbitrary 0.22 0-0) (0.5) (0.0) 1.58 0.23 -0.54 -0.19 0.43 0.00 611.9 639.9 2 0.202
4. Mendelian dominant 0.06 0-0) (0.5) (0.0) 1.33 1.33 -0.19 -0.04 0.60 -0.09 615.5 641.5 3 0.079
5. Mendelian recessive 0.30 0.0) (0.5) (0.0) 1.35 -0.24 -0.24 0.05 0.47 -0.03 613.9 639.9 3 0.158
6. Environmental ( t  -  q*)5 [0.0] [0.0] [0.0] [0.0] 0.19 0.24 -0.12 0.15 0.46 0.05 619.5 647.5 2-3 0.005
7. Environmental # q*) 0.02 [0.0] [0.0] [0.0] 1.89 1.89 -0.28 0.10 0.31 0.07 616.2 644.2 2 0.024

Models were compared with unrestricted model (87 pedigrees, 328 subjects).
() Fixed by the model.
[ ] Fixed by the maximum likelihood algorithm (MIA).
* With covariates.
1 FEV, Z-scores, adjusted for smoking, ETS status, and current asthma, recalculated from Box-Cox transform and expressed as Z-scores of the adjusted mean and $D of the model.
* When there was a range of df due to parameters being fixed by the MLA, probability was assessed at the df midpoint, which was truncated if not an integer.
5 x2 did not go to a bound.
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In addition, RFEs were not significant over and above either the Mendelian arbitrary or 
recessive models (%2 = 5.9, df = 3,p = 0.117; %2 = 4.2, df = 3,p = 0.241). Results were 
similar in the absence of smoking covariates. In the absence of all covariates, the 
environmental model (x = qA) fit the data as well as the unrestricted model (%2 = 2.3; d f , 
0-3; p = 0.129).

Because the father-offspring correlation was not statistically significant in 
asthmatic families, an analysis was conducted in which both parent-offspring correlations 
were introduced separately. Mother-offspring effects were statistically significant over 
and above the sporadic model (%2 = 3.9, df = 1, p = 0.048), while father-offspring effects 
were not (%2 = 1.2, df = 1, p = 0.273). A further segregation analysis, therefore, fixed the 
residual father-offspring correlation to zero. Parameter estimates from this segregation 
analysis are shown in Table 5. A comparison of AICs between these models and those in 
Table 4 indicates very little difference in the absence of residual father-offspring effects. 
However, in Table 5 both the one-distribution and environmental hypotheses were 
rejected, and the Mendelian hypotheses were not. There was a borderline significant 
difference between the one distribution (polygenic/multifactorial) hypothesis and the 
Mendelian arbitrary hypotheses (%2 = 7.7, df = 3, p = 0.053), providing weak evidence for 
a Mendelian component. The Mendelian recessive model plus RFE was significantly 
different from the one-distribution polygenic model (%2 = 6.6, df = 2, p = 0.037), 
suggesting the possibility of a genetic component expressed in a recessive fashion. The 
Mendelian unconstrained (arbitrary) model also reflected a recessive allele. The recessive 
allele identified in the Mendelian recessive model is allele A, with an estimated gene 
frequency ( + SD) of 0.30 + 0.10. It is associated with a homozygous phenotype of higher 
FEVj in about 9% of this population (i.e., i|/AA = 0.09 [equation 1]). Figure 3 shows the 
predicted distribution of FEV, according to this model (Table 5, line 5). Also, the 
recessive locus plus RFE (mixed model) was not significantly different from a single 
recessive locus (%2 = 4.4, df = 3, p = 0.221), when model 5 was compared to an 
equivalent model that excluded RFE, implying that the single locus accounts for all the 
familial aggregation. However, RFE were again not significant in the first environmental 
model (x = q^  (%2 = 2.8, df = 4, p = 0.591), failing to rule out nontransmissible 
environmental factors. Results were similar when sex was considered; that factor was 
significant as a covariate (p = 0.032).



TABLE 5

PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF FEV, FOR FAMILIES WITH AT LEAST ONE ASTHMATIC
MEMBER, WITH RESIDUAL FAMILY EFFECTS AND FATHER-OFFSPRING (p *) FIXED TO ZERO*

Model

Gene
Frequency

(qyj

Transmission
Probabilities Mean FEV̂ Score* Family Correlations

- 2  In 
likelihood AlC df* p Value?AA Ta b t Bb P aa M-ab P'BB Pmo Pro P SIB-SIB PSPOUSE

1. Unrestricted 0.17 11.0) 0.18 0.12 1.74 0.42 -0.53 -0.12 (0.0) 0.42 -0.02 609.1 641.1
2. No major type5 '— ' — — -0.05 -0.05 -0.05 0.20 (0.0) 0.48 0.01 620.3 644.3 4-6 0,048
3. Mendeltan arbitrary11 0.24 (1.0) (0.5) (0.0) 1.47 0.00 -0.42 0.00 (0.0) 0.44 0.00 612.6 640.6 2 0.174
4. Mendelian dominant 0.05 (1.0) (0.5) (0.0) 1.32 1.32 -0.18 0.03 (0.0) 0.59 -0.07 615.6 641.6 3 0.090
5. Mendelian recessive1 0.30 (1.0) (0.5) (0.0) 1.36 -0.23 -0.23 0.09 (0.0) 0.49 -0.04 613.7 639.7 3 0.204
6. Environmental (t = q*) 0.24 0.24 0.24 0.24 1.40 -0.19 -0.19 0.16 (0.0) 0.46 0.02 619.6 647.6 2-3 0.005
7, Environmental (? #  q*) 0.03 0.00 0.00 0.00 1.84 1,85 -0.22 0.12 (0.0) 0.34 0.02 616.8 646.8 1-2 0.006

Models were compared with unrestricted model (87 pedigrees, 328 subjects).
() Fixed by the model.
[ j Fixed by the maximum likelihood algorithm (MLA).
* With covariates.
t FEV1 Z-scores, adjusted for smoking, ETS status, and current asthma, recalculated from Box-Cox transform and expressed as Z-scores of the adjusted mean and 5D of the model.
* When there was a range of df due to parameters being fixed by the MLA, probability was assessed at the df midpoint, which was truncated if not an integer.
§ X2 did not go to a bound.
1 Mean FEV1 (L) at mean height for each genotype for boys and girts aged 10 yr: boys, 2.53, 2.13, 2.01; girls, 2.44, 2.04,1.93.
1 Mean FEV, (L) at mean height for each genotype for boys and girts aged 10 yr: boys, 2.50, 2.06, 2.06; girls, 2.41,1.98,1.98.
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Figure 3. Histogram of the adjusted FEV, Z-score for 
families with at least one asthmatic member. The two solid 
lines represent the predicted normal distribution of the trait 
for each genotype under the Mendelian recessive model 
(line 5 in Table 5). Means: pAA = 1.36; pAB = pBB = -0.23. 
The dotted line corresponds to the sum of the two normal 
distributions.

DISCUSSION

Our results indicate significant heterogeneity in the control of lung function (FEV,) 
between families with asthmatic members, and those without. This suggests that there are 
different genetic and/or other etiologic determinants associated with the lung function 
phenotype in families with and without current asthmatic members. In the families 
without asthmatic members, all Mendelian models were rejected, as were the one- 
distribution and environmental models. This rejection indicates the absence of a major 
gene determining lung function in these families. Nevertheless, a significant familial 
component was demonstrated indicating a strong polygenic/multifactorial mode of 
inheritance; both maternal- and paternal-offspring correlations were statistically 
significant. In the group of families with at least one asthmatic member, our results also 
suggested that polygenic/multifactorial components explained the familial aggregation.
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with some evidence for a Mendelian (recessive) element or common environmental 
factors. However, it was evident that the maternal, and not the paternal, effect was 
significant over and above the sporadic model, suggesting that a main component of 
intergenerational correlation in these families is associated with a maternal influence, 
either genetically or environmentally mediated. Still, the absence of a well-defined model 
in these families may indicate this study's inadequate power to reject certain hypotheses. 
The differences in familial correlations contribute to the heterogeneity observed between 
families with and without at least one asthmatic member.

Interestingly, others (21) have shown a greater correlation in FEV) and other lung 
function parameters between mothers and offspring compared with fathers and offspring, 
while some have not (1). However, it is difficult to compare our results with these studies 
as the other populations were not subdivided into families with and without asthmatic 
members; in the combined group we found that the maternal- and paternal-offspring 
correlations were similar. Although we have no definite explanation for the observed 
maternal influence on lung function among families with asthmatic members, there are a 
number of potential interpretations founded in the literature. First, several studies have 
shown a strong maternal influence on children's immune parameters, such as IgE and 
allergic sensitization, which has not been observed between fathers and offspring. For 
example, maternal, but not paternal, allergic history was associated with higher umbilical 
cord IgE levels in our longitudinal study of asthma (22). Also, both maternal asthma and 
allergic rhinitis were stronger predictors of asthma in the child than paternal asthma or 
allergic rhinitis (23); similar findings have been reported by others (24). Further, it has 
been shown that, for some allergens, sensitization in a child occurs significantly more 
frequently in children of mothers who are sensitized to the same allergen (25). In utero 
sensitization is implicated by proliferative responses of cord blood mononuclear cells to 
three cow's milk proteins (26). Intrauterine environmental factors and early allergen 
exposure have been suggested as important determinants of asthma and the allergic 
phenotype (27). Studies showing a strong positive relationship between head 
circumference and the development of atopy have led Holgate and colleagues (28) to the 
hypothesis that fetal nutrition via the placenta is a major determinant of asthma and 
allergy, possibly by redirecting the immune response to naturally occurring allergens. It 
has been suggested that while both the father and mother may contribute to the genetic 
transmission of susceptibility to atopic disease, additional environmental effects with a 
maternal influence may modify the expression of the genetic factors (29). In light of these 
ideas, the maternal influence on FEVj which we observe only among families with 
asthmatic members, could be connected with the maternal environment in utero. 
Evidence suggests that environment is associated with the development of atopy or 
asthma in the child- conditions that can influence the phenotypic expression of the child's 
lung function. For example, asthma is known to affect the development of lung function 
and to be associated with decrements of FEVj (30). However, whether these observed 
differences are the cause or consequence of a diagnosis of asthma is not well understood.

Second, a number of other parameters show increased mother-offspring 
correlations compared with father-offspring effects. For example, correlation coefficients
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between body weight and body mass indices are higher in mother-offspring pairs than 
father-offspring pairs (31). hi addition to in utero environmental effects, such studies 
suggest a greater maternal role in the determination of calorie intake in offspring (31), 
representing a confounding (environmental) effect in generic analyses, although a genetic 
influence cannot be discounted. Thus, lung function could be another factor affected by 
postnatal maternal influences on growth and development.

Finally, genetic transmission could also be involved in the observed maternal 
influence on the child's lung function. In this context, reports by Cookson and colleagues 
(32) indicating linkage between a locus on chromosome l lq  (the beta subunit of the high- 
affinity receptor for IgE, [33]) and an ‘atopic’ phenotype are noteworthy. Their findings 
indicated the transmission of atopy to be detectable only through the maternal line, and 
consistency with paternal genomic imprinting or maternal modification of immune 

' responses was suggested. Other studies have subsequently confirmed this linkage and 
maternal inheritance in different populations (34), although others have not (35).

Segregation analysis has been applied by others to assess Mendelian modes of 
inheritance for lung function. Rybicki and colleagues (7) showed evidence for a major 
codominant gene for FEV1 in chronic obstructive pulmonary disease (COPD) families, 
which accounted for all of the familial aggregation. In contrast, there was no significant 
familial correlation for FEV1 in non-COPD families. As a consequence, significant 
heterogeneity was evident between the two groups of families. We also find significant 
generic heterogeneity for FEV), apparent in our case, between families with and without 
asthmatic members. Another more recent segregation analysis of lung function in the 
Humboldt family study, suggested polygenic control of EEVj or common environmental 
factors (8). Both the family ages and methodology of the latter study are similar to ours; 
indeed, its results are similar to our finding of polygenic/multifactorial control in families 
without asthmatic members.

The concept of genetic heterogeneity in the determination of a trait as complex as 
lung function is realistic. Lung function is probably affected by a number of genetic 
determinants, including the size of the airways and lungs, the intrinsic contractile and 
relaxing capacities of the airway smooth muscles, the lung elastic recoil and resistance 
properties, and the control of airway tone. With the additional influence of environmental 
factors on lung function development (36), it seems reasonable to assume that multiple 
generic loci plus further environmental effects (both associated with each parent) may be 
involved in the normal phenotypic manifestation of lung function, as suggested by the 
polygenic/multifactorial models demonstrated in this study and others (8). In contrast, 
when considering alterations in lung function connected with disease (e.g., asthma, 
COPD) pathogenesis, it is more likely that anomalies would be observed and a single or 
few genes unrelated to those determining lung function in families without asthmatic 
members would be identified or differing parental contributions would be detected. In this 
context, the weak evidence we find for a recessive genetic component in families with at 
least one asthmatic member, as well as the detection of a codominant mode of inheritance 
in COPD families (7), are noteworthy. However, we were unable to rule out common 
environmental factors accounting for the familial aggregation. Still, the pathogenesis of
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asthma is also very complex. Its mode of inheritance has remained elusive and is likely 
not the result of a single, two-allele locus, but an oligogenic or polygenic influence with a 
strong environmental determination (19). Although we have shown genetic heterogeneity 
of lung function between families with and without asthmatic members, it is likely, 
given the lack of any well-defined model for FEVL that there is additional etiologic and 
genetic heterogeneity within these groups.
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The number of circulating eosinophils is associated with the risk of asthma 
in population samples. Therefore, eosinophil levels may be an 
intermediate phenotype for asthma amenable to genetic analysis. We 
examined familial aggregation of the number of eosinophils ° KPL"1 and 
the % eosinophils based on a 300 count differential in 644 Hispanic and 
non-Hispanic white families, with 2097 subjects, enrolled in the Tucson 
Children's Respiratory Study. Both measures were adjusted for age, season 
and year at the time blood was drawn, sex and ethnicity. Segregation 
analysis was conducted in the 458 non-Hispanic white families, as there 
were no significant familial correlations in the Hispanic families, and there 
was significant heterogeneity by ethnic group. Familial correlations (p) in 
the non-Hispanic white families were: mother-father 0.05; mother-child 
0.18 (p < 0.001); father-child 0.07; sibling-sibling 0.31 (p < 0.001). 
Without covariates, analyses indicated a polygenic/ multifactorial mode of 
inheritance. After adjusting for current and past asthma an oligogenic 
mode of inheritance, with a strong recessive influence associated with low 
eosinophil levels and a gene frequency of 0.14, was indicated, plus 
additional residual familial components which were mainly maternally 
mediated. Our results suggest an infrequent recessive generic component 
in non-Hispanic white families associated with low levels of circulating 
eosinophils in approximately 2% of the population. This study supports 
the notion of multiple, relatively common, genes interacting to determine 
genetic susceptibility to asthma.
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The inheritance of asthma is evident from its family concordance with estimates of 
heritability as high as 60%-70% (1,2). The form of inheritance, however, is not well 
understood. It is unlikely to involve a single two allele locus, but a polygenic or 
oligogenic mode of inheritance involving a number of intermediate or sub-phenotypes 
with roles in its pathogenesis (3), as well as environmental interactions. Such 
intermediate phenotypes may be associated with, for example, IgE levels (4,5), bronchial 
hyperresponsiveness (6) or specific reactivity to aeroallergens (7).

High eosinophil counts are known to be related to asthma (8) suggesting therefore 
that this may be an intermediate phenotype for asthma amenable to genetic analysis. 
Eosinophils are major players in the pathogenesis of asthma and in immune responses to 
helminthic parasites (9,10). The accumulation and activation of eosinophils during the 
late-phase allergic reaction with the release of toxic products, for example eosinophilic 
cationic protein, is thought to be responsible for much of the tissue damage associated 
with chronic allergic reactions (11,12). A number of cytokines, particularly interleukin 5 
(IL-5) (13), as well as IL-3 and GM-CSF (14), are known to influence eosinophil growth, 
maturation and differentiation. In this context, a recent segregation analysis has indicated 
a major gene expressed in a codominant fashion, controlling IL-5 production in subjects 
infected with Schistosoma mansoni (15). Another study indicated familial aggregation of 
eosinophil levels in populations with a high incidence of parasitic helminths, although 
genetic and/or environmental factors were unresolved (16).

Few studies have assessed genetic and environmental effects of eosinophil levels 
in populations unaffected by helminths. One such study on blood cells in monozygotic 
and dizygotic twins indicated that the level of eosinophils fit a model with a heritability of 
24%, with 76% of the variation being due to specific environmental influences. However, 
a model with only specific environmental effects fit the data equally well (17).

The aim of this study is to investigate whether there is familial aggregation of 
eosinophil levels in an unselected community population, and if so, to determine whether 
a Mendelian pattern of inheritance involving a major gene with two alleles can be 
detected.

METHODS

Families for this study were enrolled between 1980 to 1984 in the Tucson Children's 
Respiratory Study (CRS), a large longitudinal study investigating the risk factors for 
asthma and other acute and chronic lower respiratory illnesses in infancy and childhood 
(18). This study was approved by the Human Subjects Committee of the University of 
Arizona, and parents have signed consent forms at all phases of the study. Blood was 
drawn for an in-depth evaluation, including determination of eosinophil and serum IgE 
levels for all consenting subjects when fathers, mothers and children were at mean ages of 
36, 33 and 8 years, respectively. As one of our objectives was to assess genetic 
heterogeneity across ethnic group, only families where the biological parents declared 
they were either non-Hispanic white or Hispanic were included, these being the main 
ethnic groups in the Tucson area. There are too few representatives of other ethnic groups
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to consider them separately. There were 644 nuclear families, out of 1151 enrolled, with a 
total of 2097 family members with information on eosinophil levels. These families 
comprised 97 families (333 members) with both parents Hispanic, 458 families (1482 
members) with non-Hispanic white parents and 89 families (282 members) with one 
Hispanic and one non-Hispanic white parent.

Eosinophil levels were log10 transformed due to a positive skew and expressed as 
the number of eosinophils ° 106 L"1 (i.e., number per mm3). Percent eosinophils were 
based on a 300 count differential. Both measures were initially adjusted for age at the 
time of blood draw within sex and ethnic group and expressed as z-scores. Since both 
season of the year and year of blood draw were significantly related to these z-score 
measures, (p <0.02 for season and p < 0.0001 for year) a further adjustment was made 
using a regression analysis employing dummy variables for season and year, and the final 
variables were expressed as z-scored residuals. Log10 serum IgE levels were age and 
gender adjusted and expressed as z-scores, as described previously (4).

Questionnaires administered at enrollment and at the in-depth evaluation, 
completed by parents for themselves and on behalf of family members, provided 
information on demographic variables. Current and past smoking habits and active or past 
physician diagnosed asthma status (physician diagnosis with or without attacks in the past 
year) were assessed by questionnaires at the time of the in-depth evaluation.

Statistical Methods.

Familial correlation coefficients were calculated using the program FCOR within the 
Statistical Analysis for Genetic Epidemiology (S.A.G.E.) software package (19).

To examine the fit of postulated genetic and non-genetic (environmental) models 
to the data we applied segregation analysis using class D regressive models for 
continuous traits (20) as previously described (4). Depending on the assumed correlations 
between siblings, there are several classes of regressive models for continuous traits.
Class D models assume that correlations between siblings are equal (i.e., do not depend 
on the sibling's rank), but are not due to common parentage alone (21). Application of 
these models to continuous data has been shown to yield results equivalent to those of 
mixed models (22). Briefly, segregation analysis for continuous variables is a method of 
modeling data to statistically test whether a mixture of normal distributions fits the data 
better than a single distribution and to detect Mendelian ratios in the transmission of a 
trait between generations. Essentially the model translates assumptions about genetic and 
environmental trait determinants into mathematical equations with a number of model 
parameters which are estimated. These models, which are incorporated into the SAGE 
software package (19), assume the trait to be a linear function of the major genotypes, the 
phenotypes and genotypes of antecedents, and other covariates. Mendelian inheritance, if 
present, is presumed to be through a single autosomal locus with two alleles A and B; in 
our case with the putative A allele being associated with a low level of eosinophils. 
Therefore, three types of individual are assumed, labeled AA, AB and BB. For genetic 
models these types correspond to the three possible genotypes and the means, AA, AB,
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and BB of these distributions are estimated by the model.
Random mating and Hardy-Weinberg equilibrium proportions are assumed (23). 

Thus the frequency distribution of the types can be defined in terms of qA, a model 
parameter for the frequency of allele A, where the type frequencies are as follows:

Qa2’ ^ ab=  2qA(i-qA); ( i _qA) •

Transmission parameters ( t 's )  represent the probability of a parent of a given type 
transmitting allele A to his or her offspring. For Mendelian transmission these correspond 
to taa=1.0, tab=0.5, tbb=0.0. In addition, since the assumption of normality, conditional 
on type, is critical for the methods described above (20) the residual eosinophil z-scores 
were simultaneously normalized using the standardized Box-Cox transform (24), 
implemented within the SAGE software package (19).

Model parameters are constrained (fixed) to define each of three hypothetical 
genetic models, namely, Mendelian arbitrary (3 distributions), and dominant or recessive 
(each 2 distributions). The Mendelian codominant model is a special case of the 
Mendelian arbitrary model where the mean of the AB type distribution would be expected 
to fall midway between the AA and BB distribution means, indicating possible 
expression of both alleles. In addition three non-genetic models are defined, namely, no 
major type or one distribution, and two environmental models. For the environmental 
models types are assumed to exist, possibly attributable to random environmental factors, 
but not to be transmitted from generation to generation. In the first environmental model 
transmission probabilities are thus made equal to the gene frequency, assuming no 
heterogeneity between generations. The second environmental model allows for 
heterogeneity, but no transmission, between generations. In this case transmission 
probabilities, but not the gene frequency, are constrained to be equal. The models are 
used to predict the distribution of the trait in the family data. An unrestricted model in 
which parameters are unconstrained represents the best fit to the observed data. If the 
pattern predicted by the model is not significantly different from the pattern of the 
observed data, as represented by the unrestricted model, then the model fits the data and 
provides evidence in support of the model. Alternatively, if the model differs significantly 
from the observed data then that model is rejected.

The addition of residual family effects (spouse-spouse, parent-offspring, sibling
sibling) to these models tests for the presence of a major gene plus an additional multi
factorial component, representing generic effects which may be non- Mendelian and/or 
the effects of a shared environment, beyond major gene segregation.

Evidence for a single major gene is considered to be present if three criteria are 
met (25) namely : (a) a model with more than one type fits the data significantly better 
than the "no major type" model; (b) the unrestricted model does not fit the data 
significantly better than the Mendelian model(s); (c) the unrestricted model fits the data 
significantly better than the environmental model. The specific inheritance mechanism is 
then tested by comparing the fit of the recessive and dominant models to that of the 
arbitrary model. The addition of residual family effects (spouse-spouse, parent-offspring,
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sibling-sibling) to these models tests for the presence of a major gene plus an additional 
multi-factorial component, representing genetic effects which may be non- Mendelian 
and/or the effects of a shared environment, beyond major gene segregation. These same 
three criteria may be applied to assess whether a single locus plus an additional multi- 
factorial component is the best fit to the data; comparisons would include a model with 
one distribution plus additional multi-factorial effects which may represent polygenic 
and/or environmental components.

To evaluate specific hypotheses the likelihood ratio test was used by taking the 
difference between twice the negative of the loge-likelihoods of the models of interest. 
This difference has a x2 distribution and can be used to give a probability level, with the 
degrees of freedom being the difference in the number of parameters estimated between 
models. In cases where parameter estimates converge to bounds, probability was assessed 
at the midpoint of a range of degrees of freedom as described previously (3). Akaike's 
information criteria (AIC) was also used, as previously described (4) to assess which 
model best fit the data in cases of competing models where one was not a strict subset of 
the other, with the same number of parameters. AIC’s were calculated with (AICmax) and 
Without (AICmin) parameters which were fixed at a bound. Since conclusions were similar 
with both AIC calculations only A IC ^ is presented in the results

Segregation analyses were performed within ethnic group and for the total group 
using both the z-scored residuals for the number of eosinophils 0 lO6! /1 and percent 
eosinophils. Tests for heterogeneity between ethnic groups were performed as described 
previously (4). Active and past smoking were assessed as covariates, as well as active and 
past physician diagnosed asthma and serum IgE levels. In the results the means of the 
type distributions are expressed as z-scores which have been recalculated from the means 
of the Box-Cox transforms obtained from the different models, as previously reported (4). 
For models adjusted for covariates, the adjusted value was recalculated from the 
transformed means and further expressed as a z-score of the adjusted mean and standard 
deviation calculated from the covariate coefficients of the model (19).

RESULTS

A comparison of the familial characteristics of the 644 families included in the 
segregation analyses and the 507 families not included is presented in Table 1.

Results were entirely equivalent using either the number of eosinophils ° 106L‘1 or 
the percent eosinophils, and are presented for the former only. Table 2 shows the familial 
correlation coefficients for eosinophil levels adjusted for age, sex and ethnic group 
(ZNEOS), and further adjusted for season and year of blood draw (ZREOS) for the total 
group, non-Hispanic white, Hispanic and non-Hispanic white/Hispanic families, 
respectively. Significant familial correlations were noted only in the total group and in the 
non-Hispanic white group. Adjusting for season of blood draw (ZREOS) had the effect of 
decreasing the spouse -spouse correlations, which became not statistically significant in 
these groups. This adjustment had little effect on the other familial correlations in these 
groups. Thus, for the adjusted number of eosinophils ° 106L'1 variable, ZREOS, spouse-
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CHARACTERISTICS OF FAMILIES INCLUDED AND NOT INCLUDED 

IN SEGREGATION ANALYSES
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Family included Family not included
Variable n = 644 n = 507 P

% at least one parent with more 
than a high school education

82.4 74.4 <0.001

% no previous births at enrollment 43.3 47.9 0.25

% mothers considering work 
outside home at enrollment

55.4 59.0 0.24

% married 96.1 84.1 <0.0001

% either parent with physician 
diagnosed ever asthma

23.1 22.6 0.86

% either parent with physician 
diagnosed ever hay fever

59.8 57.3 0.45

% father smokes 28.2 31.9 0.22

% mother smokes 16.6 19.9 0.18

Father’s age at enrollment (yr) 30.1 28.7 <0.0001

M other’s age at enrollment (yr) 27.8 26.4 <0.0001

% both parents non-Hispanic white 71.1 44.0 <0.0001



FAMILIAL CORRELATION COEFFICIENTS (P, # PAIRS) FOR EOSINOPHIL LEVELS « 106L 1 ADJUSTED FOR AGE, SEX, AND ETHNIC GROUP (ZNEOS) 
AND FURTHER ADJUSTED FOR SEASON AND YEAR OF BLOOD DRAW (ZREOS) BY ETHNIC GROUP

TABLE 2

Total Non-Hispanic White

ZNEOS ZREOS ZNEOS ZREOS

Hispanic Non-Hispanic white/ 
Hispanic

ZNEOS ZREOS ZNEOS ZREOS

mother-father 0.13* 456 0.06 453 0.12+ 332 0.05 330 0.19 64 0.05 64 0.12 60 0.12 59

parent-child 0.10** 1761 0.09** 1747 0.16** 1231 0.13** 1220 -0.03 295 -0.06 293 0.01 235 0.08 234

mother-child 0.16** 973 0.13** 964 0.23** 673 0.18** 665 -0.02 167 -0.03 166 0.06 133 0.16* 133

father-child 0.04 788 0.02 783 0.07* 558 0.07 555 -0.04 128 -0.09 127 -0.05 102 -0.04 101

sibling-sibling 0.25** 641 0.21** 636 0.32** 445 0.31** 441 0.06 122 -0.07 121 0.21* 74 -0.03 74

p (2-tail) ** <0.001 
* <0.01 
+ <0.05
* <0.1

u>0\
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spouse correlations are low and not statistically significant, whereas the parent-offspring 
and sibling-sibling correlations are statistically significant and higher, indicating 
intergenerational transmission. Also, sibling-sibling correlations are higher than parent- 
offspring correlations suggesting either dominance variance or additional family 
associations, over and above that due to common parentage. In addition the mother
offspring correlation is statistically significant and is higher than the father-offspring 
correlation, which is not statistically significant.

Segregation analyses for each ethnic group showed that there was significant 
heterogeneity associated with ethnic group (x2 =58.3, df=28, p <0.001). Further analysis 
was limited therefore to non-Hispanic white families, that being the group with 
significant familial correlations indicative of possible genetic transmission.

Table 3 shows the results of fitting class D regressive models to the data of the 
non-Hispanic white families. Parameter estimates with residual family effects (spouse- 
spouse, mother and father-offspring, sibling-sibling) are shown. This segregation analysis 
demonstrated that all models were clearly significantly different from the unrestricted 
model and could therefore be rejected. Thus there is no evidence in this analysis for a 
major gene with 2 alleles. However, genetic and non-genetic models with up to 3 
distributions fit the data better than a model with one distribution (line 3 versus line 2, %2 
=76.8, df = 2-3, p < 0.001; and line 6 versus line 2, x2 = 77.4, df =2-3, p <0.001) Also, 
comparison of three distributional genetic and non-genetic model without 
intergenerational heterogeneity indicated little difference in loge likelihood, with the non- 
genetic environmental model having a marginally better fit, according to the AIC (3903.6 
versus 3904.6). The non-genetic model allowing for intergenerational heterogeneity did 
not fit the data as well (AIC = 3913.0). Thus, in this segregation analysis the data can be 
represented best by a model with more than one distribution which may be explained 
either by intergenerational transmission with no evidence for a major gene, or by non- 
transmissible environmental factors. However, comparison of the 'no major type' model 
(line 2) with an equivalent model which excluded parent-offspring, spouse-spouse and 
sibling-sibling effects indicated a strong familial component (x2 =55.9, df=4, p < 0.0001). 
This residual familial component was statistically significant over and above all seven 
models tested. Of the familial correlations, however, only the mother-offspring and the 
sibling-sibling correlation were statistically significant (x2 = 20.02,df =1, p < 0.001, x2 = 
32.82, df = 1 p <0.001, respectively). Thus over and above the evidence for more than 
one distribution there are significant familial effects, likely representing a polygenic/ 
multi-factorial component with a strong maternal influence.

Neither active nor past smoking contributed significantly to the fit of the models 
(X2 = 0.0, df = 1, p > 0.975 for current and x2 = 2.5, df = 1, p > 0.10 for past smoking). 
However, physician diagnosed currently active asthma was statistically significant (x2 = 
18.0, df = 1 , p < 0.001), while physician diagnosed not currently active asthma was of 
borderline significance ( x2 = 3.2, df = 1, p = 0.07). A further segregation analysis was 
conducted, therefore, which included these two variables as covariates. In the non- 
Hispanic white families the mean values for ZREOS for current and non current



PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF EOSINOPHILS o106L"1 * PLUS RESIDUAL FAMILY EFFECTS’6: MODELS 
COMPARED WITH UNRESTRICTED MODEL IN EACH SECTION 458 PEDIGREES, 1482 SUBJECTS.

TABLE 3

Model Gene Transmission Mean EOS Z-Score+ Family Correlations
Frequency Probabilities -2 In

Qa Taa Tab T b b MA A rt
?

C
D

^ B B PMO PFO PSIB-SIB PSPOUSE likelihood AIC d f t P

1. Unrestricted 0.86 [1.0] 0.32 0.41 0.06 0.09 -3.57 0.19 0.07 0.21 0.10 3872.7 3896.7 — "

2 . No major type — — -- — 0.09 0.09 0.09 0.19 0.06 0.28 0.06 3961.0 3977.0 4-6 < 0.001

3 . Mendelian arbitrary 0.85 (1.0) (0 .5 ) (0 .0) 0.04 0.15 - 3.55 0.19 0.07 0.22 0.10 3884.2 3904.2 2 < 0.01

4 . Mendelian dominant 0.85 (1.0) (0 .5 ) (0 .0) 0.07 0.07 -3.57 0.19 0.07 0.22 0.10 3884.6 3902.6 3 < 0.01

5 . Mendelian recessive 0.15 (1.0) (0 .5 ) (0 .0) -3.57 0.07 0.07 0.19 0.07 0.22 0.10 3884.6 3902.6 3 < 0.01

6 . Environ. (x=qA) 0.85 0.85 0.85 0.85 0.34 -0.67 -3.65 0.28 0.10 0.27 0.14 3883.6 3903.6 2-3 < 0.01

7 . Environ. (T^ q *) 0.15 0.17 0.17 0.17 - 3.56 0.21 0.02 0.19 0.07 0.22 0.11 3891.0 3913.0 1-2 < 0.001

( ) Indicates fixed by the model.

[ ] Indicates fixed by the maximum likelihood algorithm.

+ EOS Z-scores recalculated from Box/Cox transform.

* Adjusted for age, gender, ethnic group, year and season, and expressed as a residual Z-score.

*  Without covariates.

$ When there was a range of degrees of freedom due to parameters being fixed by the maximum likelihood algorithm, probability was assessed to at the ^
midpoint of the degrees of freedom. w
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physician diagnosed asthma and no asthma were, 0.33, 0.16, and -0.14, respectively, p <
0.0001.

Table 4 shows the parameter estimates from segregation analysis of ZREOS, with 
residual family effects (spouse-spouse, mother and father-offspring, sibling-sibling), plus 
the covariates currently active and non-active physician diagnosed asthma. All familial 
correlations were lower after this adjustment (Table 4, line 2 versus Table 3, line 2).
Again all models were significantly different from the best fitting unrestricted model 
implying no clear evidence for a major gene with two alleles. However, in this analysis, 
in contrast to the analysis presented in table 3, the genetic (Mendelian) model with three 
distributions is clearly significantly different from the one distribution model (line 3 
versus line 2 , %2 = 74.1, df = 3, p < 0.001) and at the same time fits the data better than 
the three distribution environmental model (AIC 3701.7 versus 3715.2). Also, it 
represents the best fitting hypothetical model in terms of loge likelihood. In addition, the 
three distribution genetic model is not significantly different from either the dominant or 
the recessive, 2 distribution models (%2 = 1.0, df =1 p >.25 for both models), which have 
the lowest and identical AIC’s (3700.7). Inspection of the parameter estimates reveals that 
in fact the dominant and recessive models are mirror images of one another, representing 
a recessive model with a gene frequency ̂ standard deviation of 0.14+0.16, where allele 
A is associated with very low eosinophil levels, and an comparable dominant model with 
gene frequency of 0.86+0.16, in which case allele A is associated with a higher eosinophil 
level. The three distribution genetic model also shows similar parameter estimates to the 
recessive model, indicating that it also is fitting the equivalent recessive of low values 
genetic model.

These data are compatible with an oligogenic mode of inheritance, and show 
strong evidence for a recessive component. The comparison of the recessive model with 
the no major type model (line 5 versus line 2, %2 =73.1, df=2, p < 0.001) indicates that 
this recessive component is statistically significant in the presence of residual family 
effects, while a comparison of this recessive model with an equivalent model excluding 
residual family effects (%2 = 76.2, df = 4, p < 0.001) indicates that there are significant 
additional familial factors contributing to the inheritance of eosinophil levels over and 
above the component already accounted for by Mendelian inheritance. Furthermore, only 
the mother-offspring and the sibling-sibling correlation were statistically significant over 
and above the recessive model (%2 = 15.8,df =1, p <0.001, %2 = 14.8, df = 1 p <0.001 
respectively). Such additional familial factors may comprise both genetic (polygenic) and 
environmental components, (i.e., polygenic/multi-factorial) with a strong maternal 
influence. Results were fully equivalent with the addition of age and gender adjusted log10 
IgE levels, which was a significant covariate (%2 = 89.3, df =1, p < 0.001), (Pearson’s p 
for ZREOS and age and gender adjusted log10 IgE was 0.23, p < 0.0001).



PARAMETER ESTIMATES FROM SEGREGATION ANALYSIS OF EOSINOPHILS ° m V 1* PLUS RESIDUAL FAMILY EFFECTS’1; MODELS COMPARED
WITH UNRESTRICTED MODEL IN EACH SECTION, 458 PEDIGREES, 1427 SUBJECTS.

TABLE 4

Model Gene Transmission Mean EOS Z-Score+ Family Correlations
Frequency Probabilities -2 In

qA T m T a b T b b ^AA ^BB PMO PFO PSIB-SIB PSPOUSE likelihood AIC dft P

1. Unrestricted 0.88 [1.0] 0.21 [0.0] -0.02 0.34 -3.69 0.16 0.04 0.16 0.10 3670.8 3696.8 — —

2. No major type — — — — 0.16 0.16 0.16 0.17 0.02 0.27 0.03 3751.8 3769.8 4-6 <0.001

3. Mendelian arbitrary 0.86 (1.0) (0.5) (0.0) 0.01 0.24 -3.73 0.17 0.05 0.17 0.10 3677.7 3701.7 1 <0.01

4. Mendelian dominant 0.86 (1.0) (0.5) (0.0) 0.07 0.07 -3.75 0.17 0.06 0.18 0.10 3678.7 3700.7 2 <0.025

5. Mendelian recessive 0.14 (1.0) (0.5) (0.0) -3.75 0.07 0.07 0.17 0.06 0.18 0.10 3678.7 3700.7 2 <0.025

6. Environ. ( T = q A} 0.86 0.86 0.86 0.86 0.31 -0.69 -3.84 0.24 0.07 0.20 0.12 3691.2 3715.2 1-3 <0.001

7. Environ. (i^qA) 0.12 0.16 0.16 0.16 -3.72 0.33 -0.01 0.18 0.06 0.18 0.10 3691.7 3717.7 0-2 <0.001

( ) Indicates fixed by the model.

[ ] Indicates fixed by the maximum likelihood algorithm.

+ EOS Z-scores adjusted for currently active and non-active physician diagnosed asthma, recalculated from Box/Cox transform and expressed as Z-scores of 
the adjusted mean and SD of the model.

* Adjusted for age, gender, ethnic group, year and season, and expressed as a residual Z-score.

* With covariates currently active and non-active physician diagnosed asthma.

% When there was a range of degrees of freedom due to parameters being fixed by the maximum likelihood algorithm, probability was assessed at the midpoint
of the degrees of freedom. ^

&
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Figure 1 shows representative nuclear families with the probabilities for each 
family member’s three putative genotypes derived from the Mendelian recessive model in 
Table 4, line 5. Also shown is the family member’s phenotypic value for their adjusted z- 
scored eosinophil level, as well as the presence or absence of a diagnosis of asthma.
These pedigrees clearly illustrate the transmission of allele A is compatible with a 
recessive mode of inheritance. For example, in family S286 both parents are likely 
heterozygous with eosinophil z-scores within one SD of the mean, the son has the highest 
probability of being homozygous for A, with a very low eosinophil level, while the 
daughter is more likely to be heterozygous. Figure 2 shows the predicted distributions of 
eosinophils according to the Mendelian recessive model, Table 4, line 5. Approximately 
2% of the population are represented by the genotype homozygous for the recessive allele 
(qA=0.14) for low levels of circulating eosinophils.

S286 S295
0.78 -0.82 0.31 -0.20

BB o.OO 0.33 BB 0.33 0.00 0.00

S435
0.74 -0.83

S338
0.26

AA
AB
BB

-4.07

AA 0.00 0.00 0.00 0.00 AA 0.00 0.00 0.00
AB 0.21 0.21 0.21 0.21 AB 1.00 1.00 1.00
BB 0.79 0.79 0.79 0.79 BB 0.00 0.00 0.00

F ig u re  1. Pedigrees for four nuclear families, circles represent females; squares represent 
males. Closed circles or squares represent diagnosis of asthma. Probabilities for the three 
putative genotypes, AA, AB, BB, derived from the recessive model shown in Table 4, line 
5 are given for each family member. The adjusted eosinophils z-scored phenotype is 
shown above each circle or square.
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200 -

Adjusted Eosinophils Z-score

F ig u re  2. Histogram of the adjusted number of eosinophils* 106L"' z-score. The two solid 
line curves represent the predicted normal distribution of the trait for each genotype under 
the Mendelian recessive model shown in Table 4, line 5. pAA = -3.75; pAB = pBB = 0.07. 
These means are equivalent to geometric means of 2.3 and 136.3 eosinophils* 106L"'
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DISCUSSION

Our results demonstrate significant heterogeneity in the control of eosinophil levels by 
ethnic group. Familial correlations were significant only within the non-Hispanic white 
families and tests for heterogeneity between ethnic group were statistically significant. 
This suggests that there are different genetic and/or other etiologic determinants 
associated with the eosinophil phenotype in non-Hispanic white and Hispanic families. 
Our segregation analyses were therefore limited to non-Hispanic white families.

Our results show that after adjusting for variability associated with current and 
past asthma an oligogenic mode of inheritance with a strong recessive component was 
observed. Also adjusting for total serum IgE levels did not alter this result. An oligogenic 
mode of inheritance is suggestive of a few genes and is characterized in the analysis by 
the Mendelian models being significantly different from the non genetic models, but also 
being significantly different from the unrestricted model. Our conservative method of 
assessing degrees of freedom results in the loss of two degrees of freedom for the latter 
comparison, due to two of the transmission parameters in the best fitting unrestricted 
model being fixed at a boundary (t^  and tbb). With the addition of these two degrees of 
the freedom the Mendelian model would, in fact, fail to be rejected; our cautious 
approach accounts for parameters that are initially free to vary and ultimately go to 
bounds. The recessive component is suggested by the similarity of parameter estimates 
between the arbitrary three distribution Mendelian model and the Mendelian two 
distribution recessive and dominant models. Moreover, the recessive and dominant 
models were mirror images of one another identifying essentially the same recessive gene 
of frequency qA= 0.14. Over and above this Mendelian recessive component were 
additional residual familial components associated with a strong maternal influence. Such 
components may represent the effect of other genes behaving in a non-Mendelian fashion 
and/or non transmissible environmental influences, i.e., polygenic/ multifactorial factors. 
This recessive component was associated with very low eosinophil levels, and represents 
an infrequent gene in this population (qA = 0.14) resulting in approximately 2% of the 
population with low levels of circulating eosinophils.

While we have no definite explanation for the maternal influence on eosinophil 
levels in this population, we have also observed a similar influence in relation to FEVj in 
families with at least one member with asthma. We have previously discussed possible 
interpretations for such a maternal influence in association with sub phenotypes of the 
asthmatic condition (26). Briefly, several other studies have shown a strong maternal 
influence on children's immune parameters, such as IgE and allergic sensitization, which 
has not been observed between fathers and offspring, leading to the suggestion of 
intrauterine environmental influences involved in the determination of asthma and the 
allergic phenotype. In addition there may be maternally influenced postnatal effects, as 
well as genetic transmission; the latter evidenced by studies demonstrating the 
transmission of atopy only through the maternal line.

Other genetic studies of eosinophil levels have shown gender related effects. A 
twin study on the genetic and environmental effects on blood cells, by Dal Colletto et
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al.(17), assessed three components of variation, namely, those due to genetic differences, 
h2, shared environmental factors, c2, or non-shared or specific environmental influences, 
e2. Interestingly, h2 values for eosinophil levels in males, females and combined 
respectively, were 3%, 24% and 24%, indicative of genetic gender differences, with the 
combined model being identical to the female model for all sources of variation.
Although we detect a clear maternal offspring influence, we observed (data not shown) no 
major differences between sister and brother correlations for the z-scored residual 
eosinophil level, compared with the overall sibling-sibling correlation, nor for 
correlations between mother and father with daughter or son, respectively.

Rodriques et al.(15) performed a segregation analysis of IL-5 levels produced by 
peripheral blood mononuclear cells of Brazilian families infected with Schistosoma 
mansoni. This cytokine, IL-5, has a major role in eosinopoiesis, maturation and activation 
(vide supra). They found clear evidence for a major gene of gene frequency qA = 0.21 
segregating in a codominant fashion and associated with low levels of IL-5 in ~4% of the 
population. Also noted, however, was the fact that although the best model was 
codominant the higher IL-5 levels in the other two distributions were closer to one 
another than to the low levels in ~4% of the population. This suggests their data is also 
compatible with the presence of a recessive gene associated with low levels of EL-5. 
Intriguingly, despite the difference in location and health status of the two populations, 
there is a distinct comparability between these findings for EL-5 and our more cautious 
findings of a recessive component for eosinophil levels, suggesting similar control of 
these phenotypes associated with eosinophil levels.

Of major interest is the fact that a number of studies have shown linkage of 
asthma related phenotypes to markers in the segment of chromosome 5q containing the 
EL-5 structural gene (5,6). Further, we have recently shown significant evidence for 
linkage, in the CRS population, among sib pairs concordant for low levels of circulating 
eosinophils as a proportion of white blood cells, related to markers located in 
chromosome 5q 31-33. This suggests that a locus or loci may be present in this region 
controlling for eosinophil levels (27). These findings were limited to non-Hispanic white 
individuals in agreement with our segregation analyses. The Collaborative Study for the 
Genetics of Asthma has shown evidence for linkage between markers in chromosome 5q 
and asthma, also in non Hispanic white families (28).

It may seem unusual that the recessive component identified is associated with a 
very infrequent gene and the resulting homozygous phenotype for low eosinophil levels is 
present in only approximately 2% of the population. Given the association between high 
eosinophil counts and asthma (8), and their subsequent role in tissue damage and 
inflammation in the lung (29), the expectation might have been the identification of an 
allele associated with much higher than normal eosinophil counts. It seems unlikely, 
however, that asthma would occur in individuals homozygous for this putative recessive 
component. This suggests that the majority of the population have the genetic potential to 
react to environmental stimuli with the production of high levels of circulating 
eosinophils.

Results of segregation analyses do not allow us to assign a function to the putative
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recessive component identified. The low levels of circulating eosinophils associated with 
this putative recessive genetic component could be associated with defects in the 
maturation and development of these cells or with the absence or withdrawal of 
eosinophil survival factors. It is tempting to surmise that the putative recessive 
component for low eosinophil levels evident in our population is associated with the 
equivalent mechanism mediated by the codominant/recessive major gene for low EL-5 
levels demonstrated in the EL-5 segregation analysis of Rodriques et al.(15).

These findings support the notion of multiple genes, each of perhaps relatively 
small individual effect, interacting to determine genetic susceptibility to asthma. In 
addition, it is likely that the genes involved would not be rare. Given four or five genes 
interacting to determine susceptibility to asthma, the contributing genes would need to be 
relatively common to give a prevalence of approximately 10% asthma in the population. 
The latter is close to the 9% prevalence for currently active physician diagnosed asthma 
in the non-Hispanic white families included in this segregation analysis. In our analyses 
the allele frequency for normal and high eosinophil levels would be 0.86. We have also 
presented findings suggesting that total serum IgE levels are controlled by a major 
codominant gene (qA = 0.34) associated with high levels of IgE (4). Further, asthma is not 
a homogeneous condition, showing variability in symptoms, triggers and age of onset, so 
it is likely, given this scenario, that different combinations of multiple genes may be 
involved in the pathogenesis of this complex phenotype. We have previously concluded 
from a segregation analysis of physician diagnosed asthma that the mode of inheritance is 
compatible with polygenes or oligogenes (3). By way of illustration, assuming the same 
environmental factors and genetic homogeneity, five interacting loci with a frequency 
each of 60% would produce a prevalence of asthma of approximately 8%. While this is 
clearly oversimplified, it illustrates the concept that in asthma, and no doubt in other 
complex diseases, the genes involved are most likely fairly common.

Acknowledgements: The authors thank M. A. Smith, R.N. and L. L. De la Ossa, R.N. for 
their work as study nurses, B. W. Saul, M.S. for data base management, V. Crisler for 
secretarial assistance and Jay B. Holberg, Ph.D. for useful discussions. This publication is 
part of a dissertation submitted by C. J. Holberg in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy at the University of Arizona.

References

1. Sibbald, B., and M. Tumer-Warwick. 1979. Factors influencing the prevalence of 
asthma among first degree relatives of extrinsic and intrinsic asthmatics. Thorax 
34:322-337.

2. Duffy, D. L, N. G. Martin, D. Battistutta, J. L. Hoffer, and J. D. Matthews. 1990. 
Genetics of asthma and hayfever in Australian twins. Am. Rev. Respir. Dis. 
142:1351-1358.

3. Holberg, C. J., R. C. Elston, M. Halonen, A. L. Wright, L. M. Taussig, W. J. 
Morgan, and F. D. Martinez. 1996. Segregation Analysis of Physician-Diagnosed



146

Asthma in Hispanic and Non-Hispanic White Families: A Recessive Component? 
Am. J. Respir. Crit. Care Med. 154:144-150.

4. Martinez, F. D., C. J. Holberg, M. Halonen, W. J. Morgan, A. L. Wright, and L. 
M. Taussig. 1994. Evidence for Mendelian inheritance of serum IgE in Hispanic 
and non-Hispanic white families. Am. J. Hum. Genet., 55:555-565.

5. Meyers, D. A., D. S. Postma, C. I. Panhuysen, J. Xu, P. J. Amelung, R. C. Levitt, 
and E. R. Bleeker. 1994. Evidence for a locus regulating total serum IgE levels 
mapping to chromosome 5q. Genomics 23:464-470.

6. Amelung, P. J., D. Postma, C. I. Panhuysen , D. A. Meyers, and E. R. Bleeker. 
1997. Susceptibility loci regulating total serum IgE levels, bronchial 
hyperresponsiveness and clinical asthma map to chromosome 5q. Chest 111(6 
Suppl):77S-78S.

7. Moffatt, M. F., M. R. Hill, F. Cornelius, C. Shou, and J. A. Faux. 1994. Genetic 
linkage of T-cell receptor alpha/delta complex to specific IgE responses. Lancet 
343:1597-1600.

8. Gleich, G. J. 1990. The eosinophil and bronchial asthma. J Allergy Clin Immunol 
85:422-436.

9. Wardlaw, A. J., and A. B. Kay. 1987. The eosinophil in the pathogenesis of 
asthma. Allergy 4:321- 335.

10. Wardlaw, A. J., and B. Moqbel. 1992. The eosinophil in allergic and helminth 
related inflammatory responses. In R. Moqbel, editor. Allergy and Immunity to 
Helminths. Taylor and Francis, London, pages 54-86.

11. Coyle, A. J., S. Ackerman, R. Burch, D. Proud, and C. G. Irwin. 1995. Human 
eosinophil granule Major Basic Protein and synthetic polycations induce airway 
hyperresponsiveness in vivo dependent on bradykinin generation. J. Clin. Invest. 
95:1735- 1740.

12. Ronchi, M. C., C. Piragino, E. Rosi, L. Stendardi, A. Tanini, G. Galli, R. Duranti 
and G. Scano. 1997. Do sputum eosinophils and ECP relate to the severity of 
asthma? Eur. Resp. J. 10:1809-1813.

13. Clutterbuck, E. J., E. M. A. Hirst, and C. J. Sanderson. 1988. Human interleukin 5 
(IL-5) regulates the production of eosinophils in human bone marrow cultures : 
comparison and interaction with IL-1, IL-3,1L-6 and GM-CSF. Blood 73:1504- 
1511.

14. Valent, P. 1994. The phenotype of human eosinophils, basophils and mast cells. J. 
Allergy and Clin. Immunol. 94:1177-1183.

15. Rodrigues, V. Jr., L. Abel, K. Piper, and A. L. Dessein. 1996. Segregation 
analysis indicates a major gene in the control of Interleukine-5 production in 
humans infected with Schistosoma mansoni. Am. J. Hum. Genet. 59:453- 461.

16. Moro-Furlani, A.M., and H. Krieger. 1992. Familial analysis of eosinophilia 
caused by helminthic parasites. Genetic Epidemiology 9:185-190.

17. Dal Colletto, G. M. D., D. W. Fulker, O. C. de O. Barretto and M. Koyla. 1993. 
Genetic and environmental effects on blood cells. Acta. Genet. Med. Gemellol. 42: 
245-252.



147

18. Taussig, L. M., A. L. Wright, W. J. Morgan, M. R. Harrison, C. G. Ray, and 
GHMA Pediatricians. 1989. The Tucson Children’s Respiratory Study I: design 
and implementation of a prospective study of acute and chronic respiratory illness 
in children. Am. J. Epidemiol. 129:1219-1231.

19. S.A.G.E. Statistical Analysis for Genetic Epidemiology, Release 2.2. 1994. 
Computer program package available from the Department of Epidemiology and 
Biostatistics, Case Western Reserve University School of Medicine, Cleveland, 
Ohio.

20. Bonney, G. E. 1984. On the statistical determination of major gene mechanisms in 
continuous human traits: regressive models. Am. J. Med. Genet. 18:731-749.

21. Bonney, G. E. 1986. Regressive logistic models for familial disease and other 
binary traits. Biometrics. 42:611-625.

22. Demenais, F. M., and G. E. Bonney. 1989. Equivalence of mixed and regressive 
models for genetic analysis. I. Continuous traits. Genet. Epidemiol. 6:597-617.

23. Elston, R. C. 1980. Segregation Analysis. In H. Harris and K. Hirschhom, editors. 
Advances in Human Genetics. Plenum, New York. Vol H, Chapter 2.

24. Box, G. E. P., and Cox D. R. 1964. An analysis of transformations (with 
discussion). J. R. Statis. Soc. B26:211-252.

25. Elston, R. C., K. K. Namboordiri, C. J. Glueck, R. Fallat, R. Tsang, and V. Leuba. 
1975. Study of the genetic transmission of hypercholesterolemia and 
hypertriglyceridemia in a 195 member kindred. Ann Hum Genet 39:67-87.

26. Holberg, C. J., W. J. Morgan, A. L. Wright, and F. D. Martinez. 1998. Differences 
in familial segregation of FEVX between asthmatic and non-asthmatic families: 
role of a maternal component. Am. J. Respir. Grit. Care. Med. 158:162-169.

27. Martinez, F. D., S. Solomon, C. J. Holberg, P. E. Graves, M. Baldini, and R. P. 
Erickson. 1998. Linkage of Circulating Eosinophils to Markers in Chromosome 
5q. Am. J. Respir. Crit. Care. Med. (In press)

28. The Collaborative Study on the Genetics of Asthma (CGSA). 1997. A genome
wide search for asthma susceptibility loci in ethnically diverse populations.
Nature Genetics 15(4):389-392.

29. Thomas, L. H., and J. A. Warner. 1996. The eosinophil and its role in asthma.
Gen. Pharmac. 27(4):593-597.



148

APPENDIX D

GLOSSARY OF TERMS AND ABBREVIATIONS

Allele: An alternative form of the same gene found at the same locus.

Apoptosis: Programmed cell death of cells within the body, as opposed to necrosis. 

BHR: Abbreviation for bronchial hyperresponsiveness.

Chromosome: Thread-like bodies within the nucleus composed of DNA, which carries 
the genetic information, and protein.

Codominant: A condition in which two different alleles at the same locus are expressed

Complex disease or phenotype: A condition resulting from the inheritance of more than 
one gene, environmental factors and possibly their interactions.

Cytokine: A generic name for a protein manufactured and secreted by a cell, and acting 
as an intercellular mediator.

Dominant: An allele or gene expressed in the heterozygous, as well as the homozygous 
condition.

Dizygotic twins: Twins produced by the fertilization of two separate ova by two separate 
sperm; fraternal or non-identical twins.

Fas: A type of cell surface protein expressed on numerous cell types.

FEVp Abbreviation for forced expiratory volume in one second, an indices of lung 
function.

Gene: A sequence of a DNA molecule on a chromosome, which directs the synthesis of a 
particular polypeptide.

Genotype: An individuals genetic constitution, or more specifically the alleles present at 
a given locus.

Homozygous: The state of an individual having a pair of identical alleles at the same 
locus on a pair of homologous chromosomes.



149

Heterozygous: The state of an individual having different alleles at the same locus on a 
pair of homologous chromosomes.

IgE: Abbreviation for immunoglobulin E, an antibody protein made up of light chains 
and heavy chains.

IL: Abbreviation for interleukin, certain cytokines that act as intercellular signals.

Linkage: Two loci which are transmitted together because they are situated in very close 
proximity on the same chromosome.

Locus: The position of a gene on a chromosome.

Mendelian inheritance: Inheritance which follows Mendel’s laws of segregation and 
independent assortment.

Monogenic: Inheritance determined by a single gene.

Monozygotic twins: Twins derived from a single fertilized ovum or zygote, and therefore 
identical genetically.

Multifactorial: Inheritance in which both genetic and environmental factors are 
involved.

Penetrance: A concept relating to the expression of a gene. For example, if an allele is 
expressed in only 60% of individuals carrying the allele it is 60% penetrant.

Phenotype: An individual’s observed characteristics, the expression of a particular 
genotype.

Polymorphism: The occurrence in a population of two or more alternate genotypes 
(alleles) in such frequencies that the rarest of them could not be perpetuated by recurrent 
mutation alone. May refer to single base changes in a gene.

Oligogenic: Inheritance determined by a few genes.

Polygenic: Inheritance determined by many genes found at different loci.

Recessive: A gene or allele expressed only in the homozygous condition.

SAGE. Abbreviation for Statistical Analysis for Genetic Epidemiology, a software 
package available from the Department of Epidemiology and Biostatistics, Case Western 
Reserve University School of Medicine, Cleveland, OH.
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SIR. Abbreviation for Scientific Information Retrieval. Application Development and 
database Management Software, Version 3.2, Reference Manual Set, 1993. SIR Pty Ltd, 
Sydney, Australia.

SPSS. Abbreviation for Statistical Package for the Social Sciences. SPSS Inc. SPSS 
Reference Guide. Release 4.0 for SUN, Chicago, IL 1990.

Trait: An observable or detectable characteristic or phenotypic property.


