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ABSTRACT

The occurrence of asthma or wheezing, and other allergic diseases, in 3808
pairs of twins aged 18 to 88 years was recorded by mailed questionnaire in 1980
(a pairwise response rate of 64%; individual, 69%). This sample (Cohort 1) was
resurveyed in 1988 (78% pairwise followup), and a further 2159 pairs aged 18 to
25 years (Cohort 2) responded usefully to a similar item on asthma on another
instrument in 1989 sent to 4078 pairs (pairwise 53%). The crude cumulative
incidence of wheezing was 13.2% in 1980, 18.9% in 1988, and 21.8% in 1989.

Genetic analyses performed using this screening data suggested a strong
genetic component to wheezing, hayfever and allergy, and sizeable genetic
correlations between different atopic conditions. Genetic influences specific to
particular traits such as wheezing were also detectable. A secular increase in
incidence of wheeze experienced by consecutive birth cohorts seemed to be due to
nonfamilial environmental factors.

A more detailed respiratory symptoms questionnaire was mailed to 1989
pairs (3978 individuals) where one or both of the twins reported ever wheezing.
This was returned by 3193 individuals (80%). A detailed history of wheeze
frequency, recency, aggravating factors and treatment was recorded for 73% of
Cohort 1 wheezing probands, and 69% of those from Cohort 2. Of these
individuals, one third reported wheeze in the previous month, and a further third
within the previous two years. The median age at onset of wheezing was 12
years.

This questionnaire also invited the twins to take part in clinical testing around
Australia. A total of 863 individuals including 419 complete twin pairs underwent
histamine inhalation challenge, allergic skin prick testing, and venesection in seven
cities. Bronchial hyperresponsiveness was present in 67% of the twins reporting
wheeze in the previous twelve months, in 41% of those reporting more distant
symptoms, and 24% of those who had never wheezed.

Total serum IgE and bronchial responsiveness were highest in those who
had wheezed most recently, and whose skin tests demonstrated allergy to house
dust, cockroach, and rye grass. The heritability of total serum IgE and of bronchial
responsiveness were both approximately 60%. Monozygotic cotwin-control
analyses suggested that house dust mite sensitisation was the single strongest
environmentally controlled risk factor for developing wheezing. In dizygotic (DZ)
cotwin-control analysis, sensitisation to grasses was also an important predictor,
suggesting pollinosis is genetically correlated with wheezing, rather than causative.
A sib-pair linkage analysis using all DZ twins did not support linkage to the high-
affinity immunoglobulin E receptor β-subunit gene on chromosome 11q of atopy or
bronchial hyper-responsiveness.

Proxy reports by the twins on first degree relatives were supplemented using
the responses of 1110 mothers of the twins to a telephone interview, who gave
reports on themselves, spouse and offspring. This allowed validation of proxy
reports and selection of the most informative diagnostic algorithm to apply to the
combined reports. The diagnoses in this fashion were incorporated into recurrence
risk calculations and segregation analysis. The classical and limited complex
segregation analyses were suggestive of the action of a major gene on asthma.
The recurrence risks of doctor-diagnosed asthma to a relative of an asthmatic
proband born 1940-59 were: mother, 0.17; father, 0.14; MZ female cotwin, 0.49;
MZ male cotwin, 0.43; DZ female cotwin, 0.29; DZ male cotwin, 0.24; sibling, 0.12
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(the latter based purely on proxy reports).
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0.4 Abbreviations used

All abbreviations are also defined at time of first use in the text. Units are SI
units unless otherwise stated.

Abbreviation Expansion

1° First degree (relative or relationship).
2° Second degree (relative or relationship).
95% CI 95% confidence interval.
α-1-AT Alpha-1 antitrypsin.
α-1-ACT Alpha-1 antichymotrypsin.
ACE Angiotensin converting enzyme (Kininase II).
ACE model Variance components genetic model fitting terms for additive genetic

effects (A), shared (with relatives) environmental effects (C), and
unshared environmental effects (E).

ADA Adenosine deaminase.
ADE model Variance components genetic model fitting terms for additive genetic

effects (A), dominance genetic effects (D), and unshared
environmental effects (E).

AE model Variance components genetic model fitting terms for additive genetic
effects (A), and unshared environmental effects (E).

AIE model Variance components genetic model fitting terms for additive genetic
effects (A), phenotypic between-relatives interactions (I), and
unshared environmental effects (E).

ANOVA Analysis of variance.
APC Antigen-presenting cell.
Area35 Integrated dose of inhaled agent causing a 35% fall in an index of

lung function eg FEV1.
ASE Asymptotic (large sample) standard error.
ATR Australian National Health and Medical Research Council Twin

Registry.
ATS American Thoracic Society.
A×A Mating type where both parents affected (trait of interest).
BHR Bronchial hyperresponsiveness.
BR Bronchial responsiveness (reactivity).
c2 Variance of a trait due to environmental effects shared by relatives.
CARA Chronische Aspecificke Respiratoire Aandoeningen - chronic

nonspecific lung disease.
cdf Cumulative distribution function.
CE model Variance components genetic model fitting terms for shared (with

relatives) environmental effects (C), and unshared environmental
effects (E).

COPD Chronic obstructive pulmonary disease.
Cov(X,Y) Covariance between X and Y.
CV Coefficient of variation.
∆base Proportional change in index of lung function from baseline eg

(postbronchodilator FEV1 - prebronchodilator FEV1)/ prebronchodilator
FEV1.

∆pred Proportional change in index of lung function from baseline with

xvi



respect to the predicted value of the index eg (postbronchodilator
FEV1 - prebronchodilator FEV1)/age-sex-height predicted FEV1.

DMZ Intrapair trait value difference for MZ cotwin control analysis.
d2 Variance of a trait (or proportion of total phenotypic variance) due to

the dominant action of genes.
D pter Dermatophagoides pteronyssinus.
D farinae Dermatophagoides farinae.
df Degrees of freedom.
Dp Dermatophagoides pteronyssinus.
DrDxAs Doctor-diagnosed asthma.
DZ Dizygotic.
DZF Dizygotic same-sex female.
DZM Dizygotic same-sex male.
DZX Dizygotic opposite-sex (ie male-female twin pair).
E maynei Euroglyphus maynei.
E(X) Expected value of X.
E-E Environment to environmental transmission of a trait eg effect of

sharing of the same environmental factor by parent and offspring.
ECCS European Community for Coal and Steel.
ECF Eosinophil cationic protein.
EIC Elastase inhibitory capacity.
EM Expectation-Maximisation (algorithm).
fAA Penetrance of genotype AA.
FcεRI High affinity IgE receptor.
FcεRII Low affinity IgE receptor.
FEF25-75 Forced expiratory flow rate at 25-75% of FVC (litres s-1).
FEV1 Forced expiratory volume expelled from lung in first second of a

forced expiratory manoeuvre (litres).
FRC Functional residual capacity (litres).
FVC Forced vital capacity (litres).
GM-CSF Granulocyte and macrophage line colony stimulating factor.
GOR Gastro-oesophageal reflux.
h2 Variance of a trait due to the additive action of genes.
HIS Histamine (usually diphosphate or acid phosphate).
IBD Gene identity by descent/genetically identical by descent from a

common ancestor.
IBS Gene identity by state.
IFNγ Gamma interferon.
Ig Immunoglobulin.
IgE Immunoglobulin E.
IL-1...13 Interleukin 1....Interleukin 13.
IUATLD The International Union Against Tuberculosis and Lung Diseases.
HDM House dust mite.
HLA Human leucocyte (surface) antigen.
Hp Haptoglobin.
κ Cohen’s kappa - a correlation coefficient for categorical or ordinal

data ("chance-corrected agreement").
kB kilobase(-pairs of DNA).
kD kilodalton.
LBW Low birth weight.
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LOD Decimal log odds (linkage analysis - usually).
LLik (Natural) log likelihood.
LR Likelihood ratio.
LR χ2 Twice the log of the observed likelihood ratio for two nested

hypotheses.
LRTI Lower respiratory tract infection.
LTA Lymphotoxin-α (or tumour necrosis factor-β)
LTC4 Leukotriene C4.
MWMZ Within-pair mean square for monozygotic twins.
MANOVA Multivariate analysis of variance.
MBP Eosinophil major basic protein.
Mch Methacholine.
MDI Metered dose inhaler.
MFT Multifactorial threshold model.
ML Maximum likelihood.
MLE Maximum likelihood estimate.
MRC British Medical Research Council.
MS Mean square.
MVV Maximum ventilatory volume.
MZ Monozygotic.
MZF Monozygotic female.
MZM Monozygotic male.
N Number of subjects or units.
NHANES US National Health and Nutrition Examination Survey.
NHIS US National Health Interview Survey.
NOx Oxides of nitrogen.
NS Not significant at α=0.05.
NSW New South Wales.
OLS Ordinary least squares.
OR Odds ratio.
Φ Phi coefficient - Pearsonian correlation for a fourfold table (binary

traits).
P Probability of type I error for a statistical test of a hypothesis.
PAF Platelet aggregating factor.
PC20 Concentration of an inhaled agent provoking 20% change in an index

of lung function, eg FEV1.
PCR Polymerase chain reaction.
PD20 Dose of an inhaled agent provoking 20% change in an index of lung

function, eg FEV1.
pdf Probability distribution function.
PEF Peak expiratory flow - maximal airflow (litres s-1) during a forced

expiratory manoeuvre.
Pen(Gi) Penetrance of the ith genotype Gi.
PGE2 Prostaglandin E2.
PGI2 Prostacyclin.
PiZZ Alpha-1-antitrypsin phenotype corresponding to genotype ZZ.
PM10 Particulate matter - atmospheric suspended particles under 10 µm

diameter.
PRR Population risk ratio - recurrence risk divided by population risk.
q Gene frequency (proportion given allele out of all alleles of gene).
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q(A) Frequency (probability) of allele A.
Qld Queensland.
Raw Airway resistance.
RAST Radioallersorbent test for specific IgE.
RFLP Restriction fragment length polymorphism.
RMSEA Root Mean Square Error of Approximation.
RMSR Root Mean Square Residual.
RR Relative risk.
RSD Standard deviation of regression residual.
RSV Respiratory syncitial virus.
RTI Respiratory tract infection.
σ2

A Additive genetic variance of a trait.
σ2

D Dominance genetic variance of a trait.
SA South Australia.
SD Standard deviation.
SE Standard error.
SGaw Airway conductance.
sIgE serum level of IgE (usual units IU/ml).
SO2 Sulphur dioxide.
SPT Allergen epicutaneous skin prick (or puncture) test.
SSCP Single strand conformational polymorphism.
STRP Short tandem repeat polymorphism.
θ Recombination distance (linkage analysis).
τAA Probability of transmitting allele A from parent of genotype AA to

offspring.
TAFQ Tasmanian Asthma Foundation respiratory symptoms questionnaire.
TH cell Helper T lymphocyte (CD3+, CD4+).
TNFα Tumour necrosis factor alpha.
TSP Total atmospheric suspended particulates.
TxA2 Thromboxane A2.
U×A Mating type where one parent affected (trait of interest).
U×U Mating type where neither parent affected (trait of interest).
Var(X) Variance of X.
Vic Victoria.
VIP Vasoactive intestinal peptide.
VNTR Variable number of tandem repeats polymorphism.
WA West Australia.
WLS Weighted least squares.
χ2

df Either the (central) chi-square distribution, the observed Pearson’s or
Freeman-Tukey goodness-of-fit Χ2 for a hypothesis, or twice the log of
the observed likelihood ratio for two nested hypotheses, with df
degrees of freedom.
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1 INTRODUCTION

This work describes a genetic epidemiological investigation of the disease
asthma, related allergic diseases, notably hayfever - and to a lesser extent atopic
dermatitis, and the overall state that leads to allergic disease, the atopic diathesis.
I have utilised several different study designs, combining data in a way that allows
unitary conclusions to be derived. These include the classical twin design, applied
to unselected and selected samples of twins, cross-sectional studies of phenotype
within individuals, matched case-control, sib-pair linkage, twin-family path and
complex segregation analyses. The data span epidemiological, physiological,
biochemical and molecular genetic facets of asthma and atopy.

There are several crucial questions to be answered about asthma. What is
the basic pathological process? Why is asthma prevalence increasing? Why does
it aggregate in families, and are these familial factors central to aetiology and
pathogenesis? Are there asthma genes, and what would the gene products be? Is
asthma heterogenous in nature? The work described here attempts answers to all
of these questions.

Organisation of the thesis is as follows. This chapter examines definitions of
the traits I will be examining. Chapter 2 describes epidemiology of these
conditions, and Chapter 3, the biology of asthma and allergy. Chapter 4 describes
methods and indices for measuring the traits. Chapters 5 through 7 describe the
genetic epidemiology of asthma and allergy as it is currently understood. Chapter
8 describes approaches to the genetics of continuous traits, Chapter 9 that of
discrete traits, and Chapter 10 reviews methods for genetic survival analysis.
Chapter 11 describes the biology of twinning, and methods for genetic analysis of
twin data. Chapters 9 and 11 contain derivations of novel methods for genetic
analysis using twins and other types of relatives. Several of the results of Chapters
5-7 rely on methods described in Chapters 9-11.

The remainder of this work describes the application of these methods to
previously collected and newly collected data. Chapter 12 overviews the applied
work I have done, and the hypotheses to be tested in detail. Chapters 13 through
18 describe questionnaire based analyses, and Chapter 19 to 22 the results of the
biochemical and physiological work I have performed. Chapter 23 describes
analyses including relatives other than the twins. In the final chapter I synthesise
and present conclusions.
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1.1 Definitions

It has been traditionally stated that to perform science one must be able to
quantify an entity, and in order to do this one must be able to define it. Asthma is
one condition where some difficulty has been met in producing a consistent
common definition. This is a problem with any diagnostic category, defined in
terms of symptoms experienced by a patient, where the underlying pathological
processes are not fully understood. Within the syndrome called asthma, a set of
symptoms commonly accepted as a unique disease in some individuals, for
example exercise induced wheeze in children, might be due to other known
pathological processes in individuals such as elderly smokers. Furthermore the
episodic nature of symptoms experienced by patients quite reasonably labelled as
asthmatic by a physician, might well mean that even quite discriminating
physiological measures might, at an inappropriate time, fail to demonstrate
pathological change in lung function [Sears 1986; Salome et al 1987]. A further
point is that the dichotomous trait asthma is usually defined in terms of continuous
measures such as bronchial responsiveness and response to therapy - diagnostic
cutpoints based on such measures will invariably lead to false positives and false
negatives.

In terms of population based epidemiology, the search has been for a set of
questions that might reliably and validly replicate the clinical diagnosis of asthma,
and extend that to milder states that might precede asthma. In terms of clinical
diagnosis, especially in the paediatric field, the definition of asthma has been
extended to include syndromes such as persistent nocturnal cough in the absence
of wheeze (cough variant asthma), or cough and wheeze exclusively associated
with lower respiratory tract infection - largely on the basis of epidemiological work
[William & McNichol 1969], and on therapeutic response. In cough variant asthma,
Koh et al [1993] have recently shown that these patients differ from "classical"
asthma merely in the fact that they do not audibly wheeze until a higher degree of
bronchoconstriction is present - a cardinal symptom does not reflect identical
airway narrowing in different individuals.

1.2 Definitions of asthma

1.2.1 Older definitions : The word "asthma" or "asma" derives from the
"αζο" or "αζειν" meaning "panting" or "breathing hard". Hippocrates seems to use
the term to denote all types of dyspnoea, saying it became more common with
increasing age. Paulus Aeginata [Adams 1844] summarises the classical
(Galenical) understanding of the disease as "those who breathe thick without fever,
like those who have run fast, are said to be asthmatic, that is to say, to pant for
breath; and from their being obliged to keep the chest erect for fear of being
suffocated, they are called orthopnoic. The affection arises from thick and viscid
humours becoming infarcted in the lungs. Dyspnoea is a common symptom which
accompanies these and many other complaints". Arataeus of Cappadocia
describes "a râle even when awake, and still more so when asleep...constant and
difficult coughing, with little expectoration", which can be brought on by "...running,
gymnastic exercise, or any other work", and may be intermittent in nature [Adams
1844; Sakula 1988]. Treatment included squills, oxymel, arsenicals, and
belladonna. It seems likely from the above that cardiac asthma was not fully
differentiated from bronchial asthma.
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Floyer in 1698 wrote "A treatise of the asthma" [Sakula 1988], differentiating
the "periodic asthma" that he suffered, due to "Constriction of the Bronchia", from
"continued asthma". He described this condition as being characterised by "fits of
asthma", with expiratory obstruction and "Wheezing noise", and commented "I have
observed the fit always to happen after sleep in the night". He also states that he
was thankful that his asthma was not inherited from his ancestors, and so was not
passed onto his sons.

Heberden’s [1802] description of a century later emphasises many of the
features considered characteristic in modern descriptions of the syndrome. "The
first fit of the asthma has been experienced at all times, from the earliest infancy to
extreme old age...Pleurisies, peripneumonies, and frequent catarrhs, often end in
this distemper. A mal-conformation of the breast [? increased AP diameter], and a
cough returning every winter, and becoming worse and worse, bring on an
incurable asthma. In some it comes on suddenly, without any manifest previous
illness. Very violent fits of it will allow long intervals of apparently perfect freedom
from any difficulty of breathing...In some it never fails to be brought on in certain
situations, or houses, and is not felt in others; though at so small a distance, that it
is difficult to satisfy ourselves in fixing upon the circumstance which could make the
difference. There have been those who have lived with an asthma for fifty years;
and others have died of it in a few months. Some few constitutions have of
themselves either outgrown, or, assisted by some judicious methods of cure, have
entirely conquered the asthma. It is usually, but not universally, attended with a
cough...Whenever there is any degree of asthma, it rarely fails of showing itself just
upon waking out of the first sleep... Several asthmas cannot bear the country
air...but the far greater number are impatient of cities, and are always easier in the
country...So summer is to not a few the time of their breathing with most difficulty;
though winter be most generally the dangerous season". He summarises that
asthma differs from pulmonary tuberculosis for example in the "violent fits of
suffocation", the intermittent nature of the disease, and the heterogeneity of
precipitants such as sleep or extreme emotions.

1.2.2 Peshkin, Rackemann, Taub and others : Swineford [1965] has
reviewed definitions of asthma put forward this century. He cites Peshkin (1926)
as the start of "this important controversy". This definition reads "a clinical
syndrome, quite readily diagnosed on clinical examination...a recurring dyspnoea,
more marked on expiration and associated with wheezing...[the] exciting cause of
which may or may not be protein sensitisation [ie allergy]". Rackemann, who
formulated the intrinsic/extrinsic asthma dichotomy, felt that "it is best to regard the
word as denoting a symptom...in the same category as headache or nausea,
[though] it can almost be regarded as a disease entity...produced by a wide variety
of causes...operating to cause bronchial spasm". Taub (1945) suggested "a
symptom complex characterised by attacks of dyspnoea followed by wheezing and
coughing, whose aetiology is hypersensitivity [allergy]". Herxheimer (1952) felt that
"bronchial asthma means a transient and usually repeated attack of breathlessness
caused by bronchial obstruction...due to spasm of the bronchial muscle, or to
secretion into the bronchial lumen, or to oedema of the mucous membrane, or to
any combination of these factors".

1.2.3 Ciba symposium : The 1959 CIBA Guest Symposium was an
important milestone in respiratory epidemiology. The modern definitions for a
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number of chronic lung diseases derive from this meeting. Asthma was defined as
[Swineford 1965]:

"...a widespread narrowing of the bronchial airways, which changes in
severity over short periods of time either spontaneously or under treatment,
and is not due to cardiovascular disease".

Some authors have derived an acronym based on this definition viz. Variable
Obstructive Intrabronchial Disease, in imitation of the more accepted Chronic
Obstructive Pulmonary Disease.

1.2.4 American Thoracic Society : The American Thoracic Society
produced the most widely quoted modern definition of asthma in 1963, revised in
1987 [ATS 1987]. This now reads:

"Asthma is a clinical syndrome characterised by increased responsiveness of
the tracheobronchial tree to a variety of stimuli. The major symptoms of
asthma are paroxysms of dyspnoea, wheezing, and cough, which may vary
from mild and almost undetectable to severe and unremitting (status
asthmaticus). The primary physiological manifestation of this
hyperresponsiveness is variable airways obstruction. This can take the form
of spontaneous fluctuations in the severity of obstruction, substantial
improvements in the severity of obstruction following bronchodilators or
corticosteroids, or increased obstruction caused by drugs or other stimuli."
Points to note in this definition are that it is operational, no mention is made

of possible pathogenesis, and allergic phenomena are not mentioned except as
"other stimuli". This differs from older definitions where allergy is sometimes taken
as a sine qua non. The 1962 definition has an extensive coda, and mentions "the
basic defect in asthma appears to be an alteration in the host...[which] in some
instances seems clearly related to an altered immunological state such as
atopy...[though] in others the underlying cause for the defect cannot be
determined". This earlier definition also included some exclusion criteria, some of
which might be questioned eg acute bronchitis.

1.2.5 Other definitions : Epidemiologists have used several operational
definitions of asthma. A widely used one is "doctor-diagnosed" asthma - where the
individual has been told by a doctor that they have asthma. More seriously, a self-
reported history of intermittent wheezing is used, or history of wheezing plus
bronchial hyperresponsiveness on testing [Peat et al 1992, 1993]. Two other
definitions are worth examining.

1.2.5.1 "Eosinophilic bronchitis" : Some workers have suggested that we
have sufficient understanding of asthma to define it pathologically, and have coined
the term "eosinophilic bronchitis". Unfortunately this term has been used to denote
other disease ie steroid responsive chronic cough with sputum eosinophilia and
normal bronchial responsiveness. This still leaves the problem of identifying a non-
invasive diagnostic method to validate using this definition. Induced (eg by
hypertonic saline inhalation) sputum cytology looking for the presence of
eosinophils is one method currently being explored.

1.2.5.2 "CARA" : The definitions so far examined all stem essentially from
the 1959 CIBA symposium’s division of respiratory disease. Many (mainland)
European respiratory physicians have, by contrast, not clearly distinguished
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between chronic bronchitis and asthma and a composite entity "Chronische
Aspecificke Respiratoire Aandoeningen" (CARA) has been formulated. This
reflects an underlying difference between the natural histories of COPD posited by
the "Dutch" hypothesis [Sparrow et al 1988; Sluiter et al 1991], where allergic
and/or childhood processes underlie susceptibility to irreversible airflow limitation as
well as to asthma, and the "British" hypothesis where pollutants lead to COPD
while asthma is (more) related to allergic disease. Asthmatics do have an
accelerated age-related decline in lung function, and so can develop chronic
obstruction, but smoking related airways disease (chronic bronchitis and small
airway disease) differs pathologically in several ways from asthma [Jeffery 1991;
Burrows 1991].

1.3 Definition of bronchial hyperresponsiveness

1.3.1 Operational : As the ATS definition of asthma suggests, asthma is
closely associated with dynamic changes in the calibre of airways. These changes
can be of a rapid nature, mediated by bronchial smooth muscle constriction and
relaxation, or slowly reversible, caused by increased mucus secretion, bronchial
wall oedema or peribronchial vasodilatation. Bronchial responses can be
nonspecific, that is provoked by a variety of pharmacologically or chemically active
molecules (eg histamine, sulphur dioxide), or by physical or physicochemical
agents (exercise, hyper/hypo-osmolar mists); or they can be specific to a given
allergen.

Bronchial responsiveness is quantified as the alteration in lung function,
mainly expiratory flow, provoked by the given agent. It is thus a continuous
variable, and is continuously distributed in the population. Normal values for
bronchial responsiveness must be determined. One method is to use statistical
criteria based on randomly selected population samples, such as the 95th
percentile of the frequency distribution [Hopp et al 1985]. It is found that
asthmatics tend to differ significantly from the rest of the population [Cockcroft
1977, 1992; Salome et al 1987], responding to a greater extent to the same
stimulus than nonasthmatics.

1.3.2 Via association with clinically diagnosed asthma : A normative
approach such as this will detect some individuals who have high levels of
bronchial responsiveness but who would not be diagnosed as asthmatic by the
usual clinical criteria. The alternative approach is to perform some type of
discriminant analysis using measured bronchial responsiveness to predict whether
a subject would be clinically diagnosed as asthmatic or not such as Popa and
Singleton [1988], or Gilbert and Auchincloss [1990]. Josephs et al [1990] reviewed
studies of bronchial responsiveness in different classes of severity of asthma, and
concluded that a linear relationship existed. In a longitudinal study however,
Josephs et al [1989] found that the level of bronchial responsiveness was directly
but only partially correlated to severity of asthmatic symptoms experienced in the
immediate period preceding testing.

1.3.3 Association with other respiratory disease : Nonspecific bronchial
responsiveness is increased in a number of other disease states. Specific
bronchial hyperresponsiveness is only seen in asthma and allergic disease, and is
in fact quite specific to asthma.
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1.3.3.1 COPD: Individuals suffering from COPD exhibit higher than normal
levels of nonspecific bronchial responsiveness [Sparrow et al 1988]. This leads to
a higher prevalence of hyperresponsiveness in the elderly compared to those in
midlife, and in smokers compared to nonsmokers - probably mediated by small
airway inflammation.

1.3.3.2 Allergy : A history of allergic rhinitis or eczema is associated with
an elevated level of bronchial responsiveness [Townley et al 1975]. The pattern of
response to increasing dose of methacholine is often quite specific, exhibiting a
"plateau" phenomenon, or level of response that cannot be increased by further
increase in drug dose. Other authors [Woolcock et al 1984; Macklem 1990] state
all nonasthmatics show a plateau; therefore the plateau occurs at a lower dose in
allergic nonasthmatics than those completely "normal". Davé et al [1990] have
shown that allergic nonasthmatic subjects will demonstrate persistent bronchial
responsiveness for up to 11 years in 60-70% of cases.

1.3.3.3 Heart Disease : Bronchial hyperresponsiveness has been
demonstrated to be present in congestive cardiac failure, whether due to ischaemic
myocardial disease or valvular disease. In the case of mitral stenosis, bronchial
responsiveness is correlated with pulmonary artery pressure, but mitral valve
replacement leads only to partial improvement.

1.4 Definition of allergy

Von Pirquet was the first to use the term "Allergie" in 1906, derived from
αλλοσ, and implying altered reactivity [Bahna 1989]. He had previously published
a monograph on serum sickness, and used the term allergy to denote the fact that
exposure of animals to antigens rather than inducing tolerance could lead to
hypersensitivity on certain occasions. Other workers subsequently drew a parallel
between asthma in humans and anaphylaxis in guinea pigs to suggest that the
human disease was an anaphylactic phenomenon. In modern usage, it refers to
any IgE mediated (Coombs Type I) hypersensitivity.

1.4.1 Atopic allergy (Coca & Cooke) : In 1922, Arthur Coca and Robert
Cooke presented [reached print 1923] a classification of immune
"hypersensitiveness" that they felt was more useful than earlier nosologies. This
was divided into two broad categories: Normal, such as "ordinary" serum sickness
(where rechallenge often leads to a more severe reaction); and Abnormal, that is
anaphylaxis, hypersensitiveness of infection, and idiosyncratic hypersensitiveness
or atopy. The latter term was coined (ατοπια, "a strange disease") to designate
the asthma and hayfever group of diseases that were

(1) exhibited against non-precipitinogenic as well as precipitinogenic
substances;
(2) greatly lessened but not completely removed by the suitable injection of
the active substance (hyposensitisation);
(3) inherited, via an autosomal dominant gene [Cooke & Vander Veer, 1916];
(4) expressed in pathological changes the more important of which are
different from those of the anaphylactic reactions in the guinea-pig, the rabbit
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or the dog;
(5) not passively transferable to normal individuals with the blood of sensitive
individuals - "unfortunately" undermined by the discovery of the Prausnitz-
Küstner test in 1922.

The critical factors distinguishing atopic disease from other immune
mediated diseases were the absence of an antigen-antibody mechanism as was
understood at that time, and the familial clustering of these diseases. Cooke and
Vander Veer [1916] had suggested from their family studies that asthma, allergic
rhinitis, urticaria, angioedema and acute gastroenteritis due to food were definitely
atopic, and "deferred a decision regarding eczema, migraine and epilepsy which
had been suggested for inclusion by others" [Nelson 1985]. The classification was
heavily criticised, and Coca was soon forced by his studies on ragweed allergy to
revise this definition to include the presence of reagin. Reagin was finally identified
as an immunoglobulin in 1967 (because it was not quantifiable by earlier methods -
one ten thousandth the amount of IgG), but the genetics and clinical picture of
these diseases still differentiate them from other hypersensitivities.

1.5 Asthma as an allergic disease

The modern definitions of asthma cited above make little or no mention of
allergic processes. Burrows [1989] and others [eg Chapman et al 1988] have
argued the more traditional viewpoint that regards asthma mainly as an allergic
disease. Evidence for this standpoint is pathological, epidemiological and genetic.

1.5.1 The eosinophil : This is an important effector cell in the pathological
processes of asthma and in allergy (to be reviewed in Chapter 3). This is the case
even in asthma where the individual does not express any signs of allergy or other
hypersensitivity - intrinsic asthma.

1.5.2 Markers of allergy : Skin prick test reactivity and total serum IgE
levels are strongly associated with asthma. This is the case in children [Sears et al
1991], and in adults [Burrows et al 1989; Burrows et al, 1991; Ohman et al, 1993].
Burrows and coworkers [1991] have argued that the magnitude of these allergic
markers in known atopic individuals falls off with age, and that this attenuation has
led to disease in older individuals being labelled as nonallergic. They found that in
elderly individuals in the Tucson Obstructive Lung Disease study developing
asthma for the first time, appropriate age adjustment of sIgE showed a correlation
between asthma and sIgE. Ohman et al [1993] have similarly found that new onset
wheezing in men (mean age 64 years) in the Normative Aging study was
associated with the presence in peripheral blood of house dust mite specific IgE in
15% of cases versus 7% of controls, although total sIgE was not elevated.

1.5.3 Bronchial challenge : Aerosols of allergens that the subject exhibits
a skin response to will lead to bronchoconstriction in up to 80% of asthmatic
individuals. This offers the mechanism for the association between allergic
sensitisation and asthma.

1.5.4 Genetics : Family and twin studies show that asthma and allergic
diseases arise at least partly from the same genes. This seems to be true even for
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asthmatics where no good clinical evidence exists for an allergic pathogenesis
[Schwartz 1952].

1.5.5 Bronchial hyperresponsiveness : Allergic diseases eg allergic
rhinitis, are associated with increased bronchial responsiveness, even when overt
asthma is not present. Sears [1991] found that markers of allergy were increased
in children exhibiting bronchial hyperresponsiveness who had never expressed any
allergic symptoms.

1.6 Allergic and perennial rhinitis

While recognisable descriptions of asthma date back to the Greeks, hayfever
or allergic rhinitis seems to be a relatively modern condition, save in the case of
that precipitated by roses - "the rose cold", where an aptly titled paper "on the
reason why the heads of people swell at the time of roses and produce catarrh"
appeared in the ninth century AD [Emanuel 1988]. Allergic rhinitis is characterised
by the (protective) symptoms of rhinorrhea and coryza, as well as pruritis of the
nose, pharynx and conjunctivae by aeroallergen exposure - classically pollens
(hayfever, summer catarrh). The effect of allergen is most usually diagnosed
anamnestically, by a history of temporal association with particular seasons, or
exposures (eg cats).

Perennial rhinitis refers to non-seasonal or chronic symptoms of the same
nature. This will be due in most cases to continual exposure to allergens such as
house dust - perhaps three-quarters of patients [Pastorello et al 1985], but in many
cases no allergy is demonstrable - "vasomotor rhinitis". This condition is more
commonly associated with nasal polyps and involvement of the sinuses.

1.7 Atopic dermatitis

Atopic dermatitis or atopic eczema is the third condition making up the
allergic triad. It differs from the other eczemas [Sampson 1992], as extrinsic
asthma differs from intrinsic asthma, in having an early age-at-onset - 95% of all
cases before the age of five years; an association with the other atopic conditions -
only 20% of atopic dermatitis sufferers do not suffer from hayfever or asthma; and
exacerbation by environmental allergens, including aeroallergens.

Hanifin and Rajka [1980; Larsen & Hanifin 1992] have defined diagnostic
criteria for atopic dermatitis, based on traditional clinical major and minor features.
These require (3 of 4 major features): a history of a chronic recurring rash;
classically affecting (in order of specificity) the flexural creases of the elbows and
knees, extensor aspects wrists and ankles, hands and feet, face and neck, and
less so the trunk (with flexural lichenification or linearity in adults); pruritis,
especially when sweating; and a personal and family history of (other) atopic
disease. Svensson et al [1985] add seasonal variation in symptoms, and
exacerbation by stress - though these are seen in other skin conditions. Clinical
signs (minor features) of importance were xerosis, facial pallor or erythema,
knuckle dermatitis, keratosis pilaris, nipple eczema (said to be quite specific by
other authors), nummular eczematous patches, pompholyx, ichthyosis, and the
Dennie-Morgan (suborbital) fold. Diepgen et al [1989] constructed scoring systems
for these criteria using 110 atopic dermatitis patients and 527 controls. Their top
five criteria turned out to be "itch when sweating" (Odds Ratio=33), "intolerance to
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wool" (OR=27), xerosis (OR=72), white dermatoglyphism (OR=42, a sign Svensson
et al [1985] discarded as worthless), and Hertoghe’s sign (absence or thinning of
the lateral eyebrows, OR=63). They note that a family history of atopy was
common in controls (though not as high as in cases OR=3.7), and so less specific.
More recently, these criteria have been used to design a disease definition and a
questionnaire by the UK Atopic Dermatitis Diagnostic Criteria Working Party
[1994a, 1994b, 1994c, 1996]. Their final criteria are relatively simple, requiring
responses by the patient or parent to five questions, and a clinical examination.
These were:

An itchy skin condition (or parental report of scratching or rubbing in a child)
plus 3 or more of the following
(1) History of involvement of the skin creases such as folds of elbows,
behind the knees, fronts of ankles or around the neck (including cheeks of
children under 10
(2) A personal history of asthma or hayfever (or history of atopic disease in
a first-degree relative in children under 4)
(3) A history of a general dry skin in the last year
(4) Visible flexural eczema (or eczema involving the cheeks/forehead and
outer limbs in children under 4).
(5) Onset under the age of 2 (not used if child is under 4).
In a community-based validation study of 695 schoolchildren [Williams et al

1996], these criteria had a sensitivity of 80% and specificity of 97% (Youden’s
index=0.77), compared to an experienced dermatologist’s history and examination
supplemented by clinical records.
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2 EPIDEMIOLOGY OF ASTHMA AND ALLERGY

2.1 Descriptive epidemiology of asthma

2.1.1 Incidence and prevalence in Australia : A number of studies offer
information on current incidence and secular trends for asthma. The 1989-90
National Health Survey [ABS 1991] gave information on self reported asthma in a
probability sample representing the entire population. Recent asthma (in the
previous two weeks) was reported by 4.3%; another 4.2% reported that they had
previously suffered asthma as a long term condition (6 months or more).
Broadening the definition to include a "wheezy or whistly chest" gave a lifetime
prevalence of 23.8%.

For reported asthma, the sexes were almost equally affected (51% male).
There had been a marked increase in reported long-term asthma at all ages since
the 1977-78 Survey, most noticeably in those under 15 years of age, where the
prevalence had risen from 4% to 14%. An examination of birthplaces noted the
(age-sex adjusted) prevalence of asthma was highest in those born in Australia and
New Zealand, next for those from the UK and Ireland, less for those born in
Southeast Asia, Africa and Southern Europe, and least for those born in Western
Europe.

Table 2.1 Cumulative incidence of asthma (either long term or recent) in the 1989-
90 Australian National Health Survey.

Age 0-14 15-24 25-34 35-44 45-54 55-64 65-74 75+

Cum Inc (%) 13.9 10.4 6.9 5.7 5.8 5.7 6.8 4.2

In 1981, Woolcock et al [1987] performed bronchial challenge on a random
subsample of all adults taking part in the Busselton (WA) health study. Out of the
estimated 6000 eligible adults in the town, 3590 took part in the 1981 round. One
in four (N=922) were randomised to complete a respiratory questionnaire (based on
the MRC respiratory questionnaire, supplemented by specific questions on
wheezing). Subsequently they underwent histamine challenge test (HCT), and skin
prick testing for 14 common allergens. Only five eligible subjects refused to take
part. In 1990, a further sample of 5020 out of 9000 subjects returned a screening
questionnaire, of whom a stratified random sample of 1028 completed another
respiratory symptoms questionnaire (this time based on the IUATLD questionnaire)
and underwent HCT [Peat et al 1992]. This age of members of this group was
limited to 18-55 years. It should be noted that no information is available on how
many participants took part on both occasions.

Restricting results to those aged 18-55 years, a doctor diagnosis of asthma
was reported by 9.0% in 1981, and 16.3% in 1990. The lifetime risk of wheeze in
this population was 17.5% in the first sample, rising to 28.8% of the second
sample. However, there was no associated increase in either the prevalence of
skin atopy or bronchial hyperresponsiveness (see below). This meant that the
narrowly defined diagnosis of current symptoms plus hyperresponsiveness did not
alter between the two waves.

Robertson et al [1991] have reported a survey of childhood asthma in
Melbourne. Schools were randomly selected, and all children aged 7, 12 and 15

10



years in that school surveyed. Responses to a respiratory symptoms questionnaire
were received from 9192 of 10198 (90%). Wheeze in the previous twelve months
was reported by 23% of 7 year olds, 22% of 12 year olds and 19% of 15 year olds
(though amusingly the rates of exercise induced wheeze were 15%, 20% and 23%
respectively). The prevalence of doctor diagnosed asthma was fairly constant
across the age groups (24%, 23%, and 22%). Our findings in a survey of 2279
Australian twin pairs aged 4-13 years are very similar - wheeze in the previous
twelve months, 24%; doctor diagnosis, 26% [Duffy et al unpublished], with little
variation across the age range.

2.1.2 Comparison with other countries : Several hundred prevalence
studies of asthma have been performed this century [see Gregg 1983]. I will only
review some recent results and make some general comments. First, asthma is
more a disease of the developed world than the Third world. Secondly, the
incidence (as well as mortality) of asthma seems to have increased this century in
the developed world, and especially in the last 20-30 years [Buist 1989; Robertson
et al 1991; Burr et al 1989].

Gregg [1986] has divided countries by their reported asthma rates into high,
medium and low incidence countries. High incidence countries include Australia
and New Zealand. Medium incidence countries are USA, Canada, UK and
mainland European countries. Low incidence countries include most of Africa, Asia
and South America. Scandinavia has been previously regarded as a low incidence
region, but along with most of the developed world, has seen a recent increase in
asthma.

The United States National Health Interview Survey for 1989 gave the point
prevalence of self-reported asthma at 4.8% of whites under age 45 years rising to
5% of those over 65 years [National Center for Health Statistics 1990]. The Health
Interview Evaluation Survey [NCHS 1994] suggested there was 20% underreporting
of this condition, when validated against health records. Interestingly, the
comparable black figures were 5.7%, and 6.9%. This racial difference is only partly
explainable by economic, lifestyle and geographic covariates [Turkeltaub & Gergen
1991; McWhorter et al 1991]. The NHANES II (1976-80) estimates of asthma
prevalence [Turkeltaub & Gergen 1991] were 6.9% for whites and 9.2% for blacks.
Estimates for Canada are similar [Svenson et al 1993].

New Zealand is known to have one of the highest rates of morbidity and
mortality due to asthma in the world. In rural adolescents, for example, Shaw et al
[1991] reported the (lifetime) prevalence of asthma as 13.7%, with active asthma
present in 8.7%. Asher et al [1988], found a prevalence of 14.2% in urban 8-10
year olds, and Sears [1986], 16.8% of urban 15 year olds. In common with the
US, racial differences in prevalence exist - Maoris having a significantly higher
incidence of asthma. The Tokelaun migration study found that Polynesian children
migrating to New Zealand had increased levels of asthma compared to their
relatives remaining in a more traditional environment [Waite et al 1980].
Specifically, 7% of children in New Zealand were asthmatic but only 1% of those in
Tokelau (sex-adjusted M-H OR=5.8, 95%CI=2.9-11.7). The prevalence of asthma
was the same in both Tokelauan children born in New Zealand after the migration
of their parents, and in those born on Tokelau itself. Shaw et al [1991] thought the
white-Maori difference in adolescent asthma to be explained entirely by differences
in smoking rates.
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2.1.3 Temporal changes : It is clear that the prevalence of asthma and
allergic disease has been increasing in developed countries for the last thirty to fifty
years, though this has been most apparent since the 1960’s. Asthma mortality
data offer the longest continuous series, but interpretation is made difficult by the
changes in diagnostic classifications (ICD) over time. For Australia [Taylor et al
1997], in persons aged 5-34 years (thus limiting misclassification), mortality rose
from approximately 0.25-0.5 per 105 person-years prior to 1950 in a linear fashion
up to 1.2 per 105 in 1955, fell briefly, rose to 2 per 105 in the late 1960’s , fell
through the 1970’s to 1 per 105, reached a second peak in the 1985 of 1.5 per 105

and has fallen below 1 per 105 since then. In age-period-cohort Poisson
regressions, there were linear increases in mortality with each 5 year birth cohort
since approximately 1930. The only period showing an increase was in the 1960s,
with a steady decrease in adjusted mortality into the 1990s, interpreted as due to
increased use of inhaled corticosteroids.

For New Zealand, (all-age) asthma mortality rose from approximately 0.5 to
1 per 105 person-years prior to 1940 in a linear fashion up to 1.5 per 105 in 1955,
fell briefly, rose to 3 per 105 in the late 1960’s (in common with Australia, Great
Britain, and the United States), fell through the 1970’s, but reached a peak in the
1980’s of 3-4 per 105 [Beasley et al 1990]. Deaths from asthma increased from 1.3
to 1.9 per 105 in the US in the 1980’s alone [MMWR 1992].

Self-reported long term-asthma increased from the Australian National
Health Survey 1977-8 figure of 2.4% up to 8.0% in 1989-90 [ABS 1991]. More
strikingly, in Melbourne schoolchildren, Robertson et al [1991] found "ever" wheeze
had increased in seven year olds from 19.1% in 1964 [Williams & McNichol 1968]
to 46% in 1990. In the Busselton study [Peat et al 1992], reported symptoms
increased over a nine year period, but there was no matching increase in bronchial
hyperresponsiveness or atopy, suggesting this might be an artefactual increase.
Cullen et al [1968] however, reported the prevalence in 1966 of doctor-diagnosed
asthma (MRC questionnaire) in Busselton was only 3%.

In the UK National Study of Health and Growth [Burney et al 1990], a history
of persistent wheeze was present in approximately 2% of children born in the mid
1960’s, rising to 4% in those born in the mid 1970’s. The prevalence of diagnosed
asthma rose 7% with each subsequent (annual) birth cohort for males, and 13% for
females. Impressive evidence was presented by Burr et al [1989], who found that
the prevalence of diagnosed asthma rose from 6% to 12% from 1973 to 1988 in
South Wales. Bronchial hyperresponsiveness to exercise (free running) also rose
from 2% (25% fall in PEF) to 4%.

Examinations carried out on large samples of young men called up for
military service have also documented changes in asthma using standardised
examinations. Aberg [1989] reported an increase in diagnosed asthma in Sweden
from 1.9% in 1971 to 2.8% in 1981. In Finnish conscripts, asthma prevalence was
under 1% before 1961 [Haatela et al 1990]. Subsequently, it has risen to 1.9% in
1989. In Israeli seventeen year olds, "ever" asthma rose from 7.9% in 1986 to
9.6% by 1990 [Auerbach et al 1992].

2.1.4 Natural history/course of asthma : The incidence of new asthma is
highest in children. Allergy can be demonstrated in 90% of childhood asthmatics,
and age at onset is negatively correlated with the number of parents with a history
of allergic disease [Cooke & Vander Veer, 1924]. The long term course of
childhood onset asthma has been outlined by several cohort studies.
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Williams and McNicholl assembled a cohort of 378 Melbourne 7 year olds
with a history of wheeze and 106 without such a history in 1964 from a larger
cross-sectional study. This group has been followed to age 28 years [Martin et al
1980; Kelly et al, 1987, 1988, 1990]. Of the controls, 32% of those followed up at
age 28 years had developed wheezing, and 10% had wheezed in the previous
three months. Of those who had experienced recent asthma at age 14 (in the
previous twelve months, with a lifetime history of more than 5 episodes of wheeze),
68% had wheezed within three months of testing at age 28 years. There was a
linear relationship between frequency of symptoms and BHR, eosinophilia, and
allergen skin wheal diameter. The sex ratio for recent asthma was 72% (M:F) at
age 14, 60% at age 21 years, and 61% at age 28 years. While eosinophil count
fell with age, allergen wheals tended to increase in size.

Similar results were reported by Gerritsen et al [1990a, 1990b] and Roorda
et al [1992, 1993] who followed 525 (78% of those seen 1966-9, 86% of those
seen 1972-6) of the asthmatic children seen at their outpatient clinic 1966-1976.
Boys made up two-thirds of the sample, over 95% were allergic to house dust, and
half the sample had suffered atopic dermatitis. Sixteen years later, 449 of the
sample were successfully reexamined. At mean age 26 years, 43% of the 1966-9
cohort still reported current asthma symptoms, and 69% of the later cohort - though
different questionnaires were used. The mean age at remission of asthma in the
remainder was 15 years. Only one-quarter reported current atopic dermatitis, but
the prevalence of hayfever had risen from 10% to 20%. All but one of the adults
was still allergic to house dust, and adults responded to lower doses of house dust
extract than they had as children, although the problem of allergen standardisation
makes this difficult to interpret. Adults responded to a greater number of allergens
than they had as children.

A subset of 31 adults from the 1966-9 group underwent house dust
inhalation challenge. A positive response had been recorded for 25 of these
subjects as children, and 22 still responded (9 with a late response) - suggestively,
11 of the 13 with current symptoms, and 11 of the 18 in remission (OR=3.5, exact
95%CI=0.6-27.1). Using summed symptom scores, the responsive group had
experienced significantly more severe asthma as a child and as an adult.

2.2 Descriptive epidemiology of bronchial responsiveness

Although bronchial challenge testing has been in clinical use since the
1940’s, it is only in the last 15 years that population surveys of bronchial
responsiveness have been carried out. The technique has become more
acceptable for epidemiological purposes with the introduction of shorter protocols,
as the original clinical protocols can take up to 45 minutes. The method of Yan et
al [1983] is the most widely used of the brief protocols (and will be described in the
methods section of this thesis). Woolcock and associates have used this method
to survey mainly children, but also adults, from the representative community
samples.

2.2.1 In Australia : In the previously mentioned Busselton survey of
Australian adults [Peat et al 1992], significant bronchial hyperresponsiveness was
present in 11.4% of the 1981 sample (either PD20≤3.9 µmol HIS or positive
bronchodilator test - 15% increase in FEV1). Only 68% of this group reported
symptoms consistent with asthma, though this proportion increased in severe BHR.
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A similar pattern was seen for skin atopy, with 32% being unresponsive to any
allergens tested. Clinical current asthma (with BHR) was found in 5.6% of subjects
overall, and 7.4% of those aged 18-55 years. In the 1990 group, BHR was present
in 7.9% of the subjects. The prevalence of current asthma was 7.2%.

Woolcock’s group has performed a number of surveys in Australian children
in different localities representing the climates of inland, coastal urban and rural
Australia [summarised in Peat et al 1992]. These suggest that BHR tends to
decrease with age in children (Table 2.2).

Table 2.2 Prevalence of BHR in Australian schoolchildren in studies using the Yan
HCT protocol.

Centre
Number
of
children

Age
Range

Point Prevalence (%)
of BHR (95% CI)

Belmont NSW (1982,4) 993 7-10 15.8 (13.5-18.1)

Wagga NSW (1982-3) 1371 7-10 19.6 (17.5-21.7)

Busselton WA (1983) 438 11-14 8.4 (5.8-11.0)

Busselton WA (1983) 447 7-10 15.0 (11.7-17.3)

Villawood NSW (1986) 1217 7-12 15.3 (13.3-17.3)

Burra SA (1988) 61 8-12 21.3 (11.9-33.7)

Kingston SA (1988) 121 8-12 22.0 (14.6-31.0)

2.2.2 Comparison with other countries A number of surveys are
available for New Zealand. Pattemore et al [1990] reported a study of 2053
randomly selected Auckland primary school children tested by the Yan protocol.
BHR was present in 15.9% (here defined as PD20<7.8 µmol HIS). Only 46% of this
group reported ever being diagnosed as asthmatic and/or asthma symptoms in the
previous twelve months. Those without symptoms tended to have milder BHR, but
significantly, did not have an excess of hayfever, eczema or other atopic
conditions. Of those children with a diagnosis of asthma, only 52% had
demonstrable BHR. Sears et al [1991] reported on the birth cohort of 784 (of
1037) 11 year old children in the Dunedin Multidisciplinary Health and Development
study. Bronchial hyperresponsiveness to methacholine (PC20<25 mg/ml) was found
in 15% of the total sample, and in 70% of those reporting current asthma.

Cockcroft et al [1984] examined a random sample of 400 (out of 490 eligible,
82%) Canadian university students. This group, with a mean age of 21, had a
prevalence of BHR of 10%.

Burney et al [1987] studied a random sample of adults from the South of
England who had taken part in a questionnaire survey of respiratory symptoms.
There was a 60% cooperation rate (522/873). Subjects underwent skin prick
testing (mixed grasses, D pter and cat) and a histamine challenge using the Yan
protocol. Hyperresponsiveness was present in 14% of the subjects - 14% of those
aged 18-24 years, 10% aged 35-44, and 24% of those aged over 44 years. This
pattern is consistent with the findings in Australian children of an initial decrease
with age, and those of several other studies of an increasing prevalence in later life
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[Sparrow 1989; Burney 1987]. Additional factors increasing the probability of BHR
were smoking and skin atopy. In a separate study [Chinn et al 1987] of 106
subjects, the test-retest correlation for log PD20 (FEV1) over 1-14 days was 0.81.

The Vlagtwedde-Vlaardingen study in the Netherlands [Rijcken et al 1993a]
is a large cohort study. From 4700 subjects, repeated 25% samples underwent
histamine inhalation challenge, so that responsiveness was assessed in 2216
subjects (mean age 40 years). Nonspecific hyperresponsiveness was found in
33% of this sample, and increased with age (OR=1.1 per year of age). In the
individuals who underwent repeated challenge (over periods of up to 18 years),
11% were consistently hyperresponsive, and 41% consistently nonresponsive - that
is half the group were intermittently responsive [Rijcken et al 1993b]. A change in
PC10 of two doubling doses was seen in 21% of subjects over a three year interval,
and in 43% over 18 years (a test-retest correlation of 0.4).

Enarson et al [1987] studied methacholine responsiveness in 1392 male
workers in three industries. Hyperresponsiveness (PC20≤8 mg/ml) was present in
16.4% of the sample, and increased with age. In another publication [Kennedy et
al 1990], they report BHR present in 14% of a subsample of 654 men that
excluded all those with a history of asthma.

Sex differences have been reported in some studies. Leynaert et al [1997]
performed a methacholine challenge on 799 subjects aged 20-44 years in two
centres as part of the European Community Respiratory Health Survey. BHR
(defined as a PD20<4 mg/ml) was present in 34% of woman and 12% of men from
Paris, and 43% of women and 29% of men from Montpellier. These sex
differences became nonsignificant after adjusting for basal FEV1 level, but not for
smoking, occupation etc.

2.2.3 Associates of bronchial hyperresponsiveness : Nonspecific hyper-
responsiveness is associated with atopy. Cockcroft et al [1984] found a correlation
of -0.34 between a four point atopy score, and bronchial responsiveness to
histamine (PC20). Rijcken et al [1993] showed a similar association with any
positive skin test and hyperresponsiveness after adjusting for presence or absence
of respiratory symptoms (OR=1.6). In the schoolchildren studied by Sears et al
[1991], total serum IgE level was correlated both with symptomatic asthma, but
also with bronchial hyperresponsiveness in children who had never experienced
asthma, wheezing, eczema or hayfever. Specifically, 5 out of 123 asymptomatic
subjects with a sIgE<100 IU/ml were hyperresponsive, and 13 of 75 with a higher
sIgE (OR=4.3, 1.5-13.7). These associations persist over time - Dave et al [1990]
found that 66% of nonasthmatic atopic subjects in the Natural History of Asthma
study were hyperresponsive to methacholine, and that this persisted in 60-70% of
subjects for up to eleven years. Only 20% of adults with atopic dermatitis do not
suffer from asthma or hayfever, but most of these are hyperresponsive [Barker et al
1991].

Baseline FEV1 is also negatively associated with hyperresponsiveness in
many but not all studies. Ulrik [1993] found this association in both allergic and
nonallergic asthma, while Carozzi et al [1992], Burrows et al [1992], and Rijcken et
al [1993] showed it to be present in general population samples, and Kennedy et al
[1990] in nonasthmatic men in five Canadian workplaces. I do not find it surprising
that chronic asthmatics, asked to withdraw their medications some hours before
undergoing bronchoprovocative challenge, have a diminished baseline FEV1 and
increased responsiveness.
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Tobacco smoking increases nonspecific bronchial responsiveness [Annesi et
al 1988; Sparrow et al 1989; Rijcken et al 1993]. A number of studies have shown
an association between eosinophil count and bronchial responsiveness. Rijcken et
al [1993] found (log) eosinophil count a significant independent predictor after the
effects of FEV1, skin prick tests, report of respiratory symptoms and current
smoking were adjusted for. Kauffman et al [1990] reported similar findings in
French busdrivers.

The pattern of these associations makes it clear that although increased
bronchial responsiveness is a central part of the definition of asthma, nonspecific
hyperresponsiveness is certainly not unique to asthma. Specific
hyperresponsiveness is much more specific, and this ties asthma to IgE mediated
processes (or other types of hypersensitiveness), which may or may not be the
case for adult-onset intrinsic asthma.

2.3 Descriptive epidemiology of upper respiratory tract allergic disease

2.3.1 Incidence and prevalence in Australia : Hayfever was present in
10.3% of respondents in the Australian National Health Survey 1989-90 [ABS
1991]. Recent symptoms were more likely to be reported in spring and summer.
Women suffered more hayfever than men (11.2% versus 9.4%), and the
prevalence (long-term and/or symptoms in the previous two weeks) fell off with age
from 13.4% of those aged 15-24 years to 6.3% of those aged over 75 years. Only
5% of those reporting hayfever claimed to have experienced it for the first time
recently. There were interesting interstate differences, the prevalence being lowest
in the Northern Territory (6.2%) and Queensland, and highest in ACT (15.8%),
Western Australia and South Australia. As opposed to asthma, where social class
differences seem small, hayfever is highest in professional workers (18.2%), clerks
(15.5%) and lowest in plant operators/drivers (9.0%) and labourers (9.6%). This
may represent a "healthy worker" effect, differential exposure (tolerization),
reporting and/or diagnostic bias, or the known urban/rural difference seen in many
countries. As will become clear below, a prevalence of 10% for hayfever is far less
than the proportion of the population who would be diagnosed as suffering allergic
and perennial rhinitis following detailed interview.

2.3.2 Comparison with other countries : The NHANES II [Turkeltaub &
Gergen 1991] found a prevalence of allergic rhinitis (doctor diagnosed hayfever, or
recent seasonal nasal/eye symptoms) of 9.8% in whites, but labelled a further
20.4% as suffering perennial rhinitis ("frequent nasal and/or eye symptoms that did
not vary by both season and pollen during the past twelve months, not counting
colds and the flu" and no doctor diagnosis of hayfever). Allergic rhinitis was more
common among urban dwellers (10.3%) than rural dwellers (8.3%).

Aberg [1989] reported allergic rhinitis to be present in 4.4% of Swedish
conscripts in 1971, and 8.4% in 1981. Allergic rhinitis was more common in urban
than in rural recruits, low in those living on farms, and more prevalent in those with
higher intelligence scores.

2.3.3 Temporal changes : Emanuel [1988] has proposed that hayfever is a
recently developed disease. He could find no systematic reference to it earlier than
the sixteenth century, and until the 1830’s the only form recognised was the "rose
cold". Bostock at this time described "catarrhus aestivus", but was only able to
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collect 28 cases, while others described it as rare. By 1860, an anonymous writer
cited by Salter [1860, p 288] commented on "...the more general and more severe
development of hay-fever which appears to have recently occurred". In a similar
vein, Blackley wrote in 1873 that "hay-fever has...been considerably on the
increase", and was most common among the educated and upper classes, and
uncommon among farm workers - a pattern matching that found by Aberg [1989]
and by the Australian National Health Survey. By the turn of the century, Hay
Fever associations were being formed with thousands of members. More recently,
hayfever prevalence has continued to increase, in line with that seen for asthma.

2.4 Descriptive epidemiology of atopic dermatitis

Larsen and Hanifin [1992] have reviewed epidemiological studies of atopic
dermatitis. Large surveys of children prior to 1960 put the prevalence at 3%. The
prevalence of questionnaire diagnosed infantile (prior to age 2 years) eczema in
Busselton in 1970 [Turner et al 1974] by contrast was 5.6%, and up to the age at
survey (maximum 17 years) 8.8%. In the British National Childhood Development
Survey in the same year, the cumulative incidence in 7 year olds was 12.2%. They
note use of terms such as "eczema" in questionnaires gives much higher
prevalences than surveys that include dermatological examination. The twin
studies performed by Larsen et al [1986 1993] and reviewed below, documented
similar increases over a ten year period in prevalence in a study where diagnoses
were carefully validated. In the 1958 birth cohort of the British National Child
Development Study [Williams et al 1994], the prevalence of childhood eczema on
physical examination in social class I (highest) was twice that seen in class V
(lowest) - reminiscent of the trends seen earlier for hayfever.

2.5 Environmental aetiological agents involved in asthma

2.5.1 Allergens : Antigens can vary quite considerably in size and nature.
Nevertheless, the majority of allergens are (larger) proteins, and usually contain
numerous disulphide bonds [O’Hehir et al 1991]. A number of significant ones
have recently been identified as enzymes, especially proteases (eg cat and mouse
urinary and house dust mite faecal allergens). It has been suggested that these
molecules may retain some activity, which could potentiate inflammation in the
lung, and thus sensitisation. A number of small molecules such as toluene
diisocyanate and plicatic acid, that cause asthma in some exposed individuals, do
not cause immediate type (I) hypersensitivity, even though challenge with these
agents can lead to a late asthmatic response. The mechanisms here are not yet
understood.

Development of sensitisation to novel allergens occurs over varying
durations of exposure. Occupational exposure to animals is usually associated with
a latency period of months; low molecular weight chemicals, two to four years.
Some individuals only become sensitised after many years of exposure to a
particular allergen - Schwartz [1952] gives the example of baker’s asthma. In the
case of ubiquitous agents like house dust mite allergen, most atopic children have
detectable levels of anti-HDM IgG before one year of age, although specific IgE will
only rise after two to three years.

2.5.1.1 Aeroallergens : Approximately 90% of childhood asthmatics and
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80% of adult asthmatics are allergic to aeroallergens, that is they develop acute
and/or delayed tissue reactions upon application of these agents to skin, nasal or
respiratory mucosae. The effects of these agents on inhalation is to precipitate
asthma, as well as increased nonspecific bronchial responsiveness. A number of
recent studies have documented the associations between sensitisation to
particular allergens and asthma (Table 2.3). Of particular interest is the finding by
Ohman et al [1993] that new asthma in 38 over 60 year olds in the Normative
Aging Study cohort was preceded by anti-house dust mite specific serum IgE
increases (RR≈2), but not total sIgE, anti-cat (save slightly in nonsmokers) nor
ragweed IgE.

Table 2.3 Association between specific allergen sensitisation and asthma and/or
bronchial hyperresponsiveness from recent community based studies as adjusted
odds ratios from logistic regression.

Study House
Dust Mite

Cat Alternaria Rye Grass

Peat et al [1992] 7 (3-14) 3 (2-6) 2 (½-3) 1 (½-2)

Peat & Woolcock [1991] 6 (4-10½) 4 (2-8) 1 (½-3) 1 (½-2)

Sporik et al [1990] 34 (4-742) -- -- --

Sears et al [1989] 7 (1-13) 4 (2-8) 1 (½-2) 1 (½-2½)

Gurgen et al [1992] 3 (2-5) ½ (0-1) 5 (3-9) 1 (1-2)

Cookson et al [1991] 19 (2-154) N.S.* 8 (2-38) N.S.*
* Not significant in logistic regression - odds ratio not cited.

2.5.1.1.1 Pollens : These historically were the first allergens to be
associated with allergic disease, mainly by the association between disease and
season, and by disease and proximity to plants (eg "rose cold"). A broad variety of
pollens are known to be allergens. In the USA and Europe, a major cause of
pollinosis is ragweed (Ambrosia artemisifolia). In Australia, by contrast, ragweed is
not widely distributed. A number of native and imported trees and grasses are
more important. These include high protein European grasses such as timothy and
perennial rye grass, a number of wattles and flowering gums.

In the NHANES ΙΙ study [Gergen et al 1987], sensitisation to pollens is
higher in urban areas than rural areas. This can be interpreted either as due to
development of immunological tolerance in children brought up in rural areas, or
due to adjuvant effects of urban pollution etc. Anecdotally, individuals brought up
in rural areas have described development of hayfever for the first time on
returning home from a period away.

2.5.1.1.2 Fungal spores : Alternaria and Aspergillus spp are the two main
fungi associated with asthma. Table 2.3 demonstrates that sensitisation to
Alternaria is a risk factor for asthma, while O’Hollaren [1991] recently implicated it
as a significant associate of near fatal asthma attacks. Peat et al [1992] found it
more important than house dust mite (see below) as a cause of sensitisation in
asthmatics in dry inland Australia. Visible mould in houses is associated with
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reported increased asthma in temperate climate studies [Strachan 1988], though
this is also correlated with increased house dust mite allergen [Voorhoost 1969].

2.5.1.1.3 Castor bean : This is an uncommon exposure, but dust arising
from castor bean processing is sufficiently potent to evoke allergic sensitisation
even in nonatopic individuals [Kemeny & Diaz-Sanchez 1993]. Ricin (the notorious
toxin) present in the castor bean enhances sensitisation to other allergens
presented at the same time. It is interesting to speculate if other agents can act in
this way, eg cigarette smoke [Venables et al 1989].

2.5.1.1.4 House dust mite : It had been known since the 1920s that
challenging some asthmatics with dust from their homes could precipitate asthma,
but it was not until 1967 that Voorhoost first identified mite products as the
allergens present in house dust [Voorhoost et al 1969]. These were subsequently
identified as being the mite faeces [Tovey et al 1981].

The bulk of house dust mites (HDM) are pyroglyphid mites, living largely on
human and other scales. The two main pathogenic species in Australia are
Dermatophagoides pteronyssinus and D. farinae. The Euroglyphus genus,
particularly sp. E. maynei, are also common in Australia, and may produce major
allergens. A number of other storage mites, that is mites associated with stored
grains in silos, homes etc are also known to be associated with allergic disease in
some individuals.

2.5.1.1.4.1 HDM biology : HDMs are known to exist in great numbers in
soft furnishings and bedding in most Western type homes [Platt-Mills et al 1989].
Their growth requires a relative humidity of 60% or greater (>7 g/kg), and is optimal
at temperatures between 17-25° C. In most countries therefore, their numbers
exhibit (late) summer peaks and winter/spring minima. This occurs in Queensland
[Domrow 1970], where a February peak is observed, while Australia wide, more
humid coastal cities tend to harbour greater numbers of HDM than inland towns
[Green et al 1986]. Numbers are lower worldwide at higher altitudes for the same
reason.

2.5.1.1.4.2 Nature of HDM allergens : The allergens produced by various
species of HDM are now well characterised. The genes for a number have been
cloned and sequenced. Three main classes I,II and III are recognised (and others
classes up to VII). Classes I and III are thiol and serine proteases respectively,
and weigh 25-29 kD [Chapman 1990]. Class II allergens are thought to derive from
lysozyme (14 kD) [Thomas 1993]. T-cell clones sensitised to particular allergens
have now been isolated (the significance of which is reviewed later). Kort and
Kniest [1994] have shown these allergens are stable under normal household
conditions for up to four years.

2.5.1.1.4.3 Evidence implicating HDM in asthma : A number of
environmental studies, longitudinal and intervention studies have conclusively
shown a role for house dust mite exposure in increasing severity of symptoms of
asthma [Voorhoost et al 1969; Korsgaard 1983; Pollart et al 1989], as well as
atopic dermatitis [Sanda et al 1992]. Classically, one treatment for asthma has
been to move to high altitude or dry climates - both situations where HDM numbers
diminish and also asthma prevalence. By contrast, asthma tends to be more
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prevalent in climates where year round humidity is high, and many asthmatics from
dry inland regions note a deterioration in condition on approaching the coast [eg
Ordman 1968]. Observational studies such as Woolcock’s work in Papua-New
Guinea have suggested that increasing HDM numbers might also lead to an
increased prevalence of disease. Here, [Dowse et al 1985], the introduction of
blankets (and thus HDM) has coincided with a rise in asthma prevalence from 0.3%
to 7.3% in some areas, which is not seen in other areas where mite counts have
not risen [Turner et al 1988]. In studies of adult asthmatics seen in Brisbane
practice, 85% of young adults [Wright & Derrick 1975] and 65% of hospital patients
were sensitised to HDM [Clarke & Aldons 1979].

An important recent study is by Sporik, Holgate et al [1990], who performed
an 11 year concurrent cohort study of children with a family history of atopy. There
were 67 out of an original 93 children followed from 1978 to 1989. Importantly,
dust from the child’s mattress, bedroom and living room floors were collected in
1979-80 in 59 cases, as well as in 1989. Subjects completed a questionnaire in
1989, underwent bronchial provocation using the protocol of Yan et al [1983] on
four occasions, as well as SPT, RAST and total sIgE level determination.

There were 35 skin-atopic and 32 non-skin-atopic subjects. Bronchial
responsiveness was present in 23, and asthma (BHR plus wheeze in the last year)
in 17. Of the asthmatics, 16 were skin test positive to house dust mite. Forty
percent of those SPT positive for HDM at age 11 had also demonstrated
sensitisation at age 5.

There was a marginal association between infant exposure to high levels of
HDM and level of skin sensitisation. Early exposure was associated with later
wheeze, and age at first episode of wheeze, the latter relationship being strongest
in skin-atopic children (r=-0.66, P=0.001). This last point suggests that these
genetically predisposed individuals avoided asthma if they were brought up in an
environment low in HDM.

Other studies have not replicated this effect. For example, Burr et al [1993]
followed 453 children with a family history of atopy from birth to age 7 years. The
coefficient of variation for repeated determinations of Der p I (Class I) allergen in a
mattress was 15%. One third of the children were diagnosed as asthmatic (by the
study paediatrician). Neither wheeze with atopy nor sensitisation to HDM on skin
testing at age 7 were predicted by level of allergen measured in the first year of
life.

An explanation for this and other negative findings [eg Sporik et al 1993;
Pauli et al 1993] of a dose-response effect is that possibly all individuals in the
study were exposed to a high enough level of allergen to precipitate disease. An
international workshop [Platt-Mills et al 1989] has suggested that a level of 2 µg of
Der p I per gram of dust (roughly equivalent to 100 mites per gram of dust) might
represent a threshold above which sensitisation is likely to occur, and a level 5
times this as a level likely to precipitate symptoms in sensitised asthmatics. In
homes in Lismore, Australia, the mean level of Der p I levels was 83 µg/g, and in
inland towns, 11 µg/g [Peat et al 1993]; in Strasberg, Germany, mean levels were
24 µg/g [Pauli et al 1993]; in homes of controls in Dorset, UK, 17 µg/g [Sporik et al
1993]; in 252 homes of asthmatics from around the US, 95% contained one sample
containing over 100 mites/g, and one third had an average count (multiple sites
within the house) greater than 500 mites/g [Arlian et al 1992].

The role of changes in housing and cleaning practices that promote HDM
growth, such as central heating in temperate climates, "tighter" buildings with lower
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natural ventilation, cold water washing, and vacuuming rather than (airing and)
beating carpets, has been advanced as one hypothesis explaining the rise in
asthma prevalence seen this century, and especially this last twenty to thirty years.
Since Australia has one of the highest rates of wall-to-wall carpeting in the
developed world [Tovey, personal communication], household factors might be
important in the high prevalence of asthma here.

2.5.1.1.5 Cockroach : Increasing interest has been developing about the
role of cockroach allergens in asthma and allergy. The presence of anti-cockroach
IgE has been shown to be a risk factor for acute asthma in a number of recent
studies. It tends to be most important in asthmatics living in poor inner city
accommodation. In Gelber et al’s case-control study of acute asthma admissions
[1993], presence of anti-Blattela IgE (on RAST) was a significant risk factor
(OR=5.0, 1.4-17.8). Allergy to cockroach has been reported to be associated with
more severe disease [Kang et al 1992].

2.5.1.1.6 Animal danders : Hypersensitivity in proximity to animals has also
been known for a long time. A variety of animals can lead to sensitisation. Cats
produce three main allergens. Fel d 1 is a protease, and is found on the fur, within
sebaceous glands, and in saliva. Fel d 1 survives well in the domestic
environment, and has been detected in homes 10 years after a cat was last
present. Allergen particles are relatively large (30 µm), and so tend to settle fast,
but cause immediate symptoms on disturbance. In Platt-Mill’s study, anti-Fel d I
IgE was significantly associated with asthma (OR=4.7, 1.5-14.4). Allergy to cats is
associated with asthma in Australian [Peat et al 1991] and New Zealand children
[Sears et al 1989], but was not in a study of US adults [Gergen et al 1992].
Demonstration of an association between exposure to cats and the development of
asthma (again as opposed to exacerbation of existing asthma) has been
complicated by the fact that sensitised individuals often have removed cats from
their homes [Brunekreef et al 1992].

Rats and mice are associated especially with sensitisation in laboratory
workers who are involved in handling these animals. In mice, the predominant
allergen is a urinary protein Mus m I, possibly a lipid transporter protein [O’Halloren
1992].

2.5.1.2 Low molecular weight chemicals : A number of low molecular
weight chemicals used in modern industry are potent inducers of asthma. A few of
these act as haptens, eliciting production of IgE to complexes of the chemical with
serum albumin or other proteins. Examples of this are the anhydrides such as
phthalic and trimellitic anhydride. By contrast, in individuals sensitised to toluene
isocyanate, usually fewer than 15% elaborate significant levels of circulating IgE
[Zeiss 1991]. Cartier et al [1989] found elevated anti-isocyanate IgG in 21 of 29
sensitised workers, but IgE in only 9 workers. Isocyanates may also act directly on
cAMP release and/or the β-adrenoceptor to cause asthma [Montanaro 1992].

2.5.1.3 Ingested allergens : Infant allergic disease is often associated with
sensitisation to particular foods, and delaying the onset of solid food in the diet to
after six months is associated with a fourfold reduction in the risk of developing
infantile eczema. Avoidance of allergens such as cows milk in the first year of life
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does not protect against the subsequent development of asthma [Burr et al 1993].

2.5.2 Viral respiratory tract infection (VRTI): A number of exacerbations
of existing asthma in children and less so in adults are associated with intercurrent
VRTI.

2.5.2.1 Respiratory Syncitial Virus (RSV): Infections with this virus lead
to wheezing in children, especially under the age of two years - bronchiolitis.
Numerous studies have documented increased rates of subsequent asthma in
children who have suffered from bronchiolitis. However, one risk factor for the
development of bronchiolitis is a family history of asthma, suggesting infection is
not an inducer of asthma save in those already at increased risk. RSV infection is
associated acutely with increases in bronchial responsiveness, and small airway
obstruction. Welliver [1981, 1986] has shown that anti-RSV IgE is produced by
individuals with RSV infection that has caused acute wheezing.

2.5.2.2 Adenovirus : Adenoviral infection is the second (though far less)
common cause of bronchiolitis after RSV. Hogg [1992] has presented evidence
suggesting that chronic (or latent) infection might underlie persistent asthma. His
group, using PCR to amplify the genes encoding the "immediate early" proteins
(E1A), demonstrated higher copy numbers of this gene in the lungs of patients with
obstructive lung disease compared to controls. One of the E1A proteins sensitises
infected cells to lysis to TNFα - an agent suggested to be important in the allergic
late phase reaction. Influenza and parainfluenza infections are also associated with
wheezing in some children and with the production of antiviral IgE.

2.5.3 Bacterial respiratory tract infection : Historically, hypersensitivity to
bacterial antigens was supposed to underlie the association between asthma and
respiratory tract infection. In the case of intrinsic asthma, Rackemann
hypothesised that sensitisation to bacteria was the causative factor [Swineford
1968]. There is little evidence currently to support this hypothesis, though in atopic
dermatitis, where staphylococcal infection of lesions is common, allergy to
enterotoxin (specific IgE and increased basophil releasability) has been
documented [Leung et al 1993].

2.5.3.1 Chlamydial bronchitis/pneumonia : Chlamydia pneumoniae has
recently been reported to be a significant cause of community acquired respiratory
tract infection, and circulating specific IgG against this pathogen is found in
approximately half the adult population. In one prospective US study [Hahn et al
1991], C pneumoniae was the cause of 3 out of 11 (10%) atypical pneumonias,
and 16 of 338 (5%) episodes of bronchitis. These individuals were more likely to
have presented with wheezing (OR=2.1, 95%CI 1.1-4.2). A nested matched case-
control analysis of seropositivity to C pneumoniae (N=71 pairs) found an odds ratio
of 7.2 (95% CI 2.2-23.4) for development of wheezing during or in the six months
following the acute illness.

2.5.3.2 Bronchiectasis : This condition has been noted to be associated
with asthma in studies from South East Asia, notably Hong Kong, where the
incidence of bronchiectasis remains much higher than the Western world. If
chronic exposure to intrapulmonary bacterial allergens was important in the
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aetiology of asthma, bronchiectatics would be expected to be at risk. I am not
convinced that there is no mislabelling of symptoms in these studies; BHR is
increased in these patients, but does not prove asthma per se.

2.5.3.3 Bacterial sinusitis: There is undoubtedly a strong association
between asthma, especially attacks requiring hospital admission, and sinusitis
[Spector 1978; Slavin 1982; Zimmerman et al 1987]. X-rays reveal sinus
opacification or mucosal swelling in up to 65% of such patients, though one study
by Zimmerman et al [1987] found no correlation between radiological changes and
severity of asthma. Spector [1978] and Slavin [1982] have argued that since
bacterial culture of chronically inflamed sinuses is positive in between 20-80% of
cases, and that some older studies suggest bacterial sinusitis can lead to seeding
of the lungs, antibiotic therapy in severe asthma might lead to an improvement in
asthma. They and other respiratory physicians feel that patients benefit from
clearance of the sinusitis, a claim given support by some intervention studies.
Slavin [1982] reported a series of 33 asthmatics, most of whom underwent
intranasal sphenoethmoidectomy. Of these patients, 85% reported subjective
improvement, 10 patients were able to stop oral steroids while a further 15 out of
18 reduced their dose from 20 mg/d of prednisone to 3 mg/d.

Another possible mechanism for a causative link between upper respiratory
disease and asthma suggested by Slavin is the association between nasal mucosal
irritation and reflex bronchoconstriction. Brugman et al [1993] in a rabbit model
have shown that induced sterile sinusitis (using recombinant C5a sinus lavage)
leads to increased bronchial responsiveness to histamine. This seemed to be
mediated by post-nasal drip (of mediators), as altering drainage by changing head
posture abolished it.

2.5.4 Gastro-oesophageal reflux (GOR): One of the earlier theories about
the pathogenesis of asthma suggested that the disease was due to occult
(nocturnal) aspiration of gastric contents. A large number of studies have shown
that GOR has a high incidence in asthmatics, especially children with nocturnal
wheeze, and that antireflux therapy can lead to a clinical improvement in severity of
asthma. More recent theories have invoked vagally mediated bronchoconstriction
due to distal oesophageal irritation [Mansfield et al 1981] rather than a direct attack
of acid on the airways.

The endpoints in many of the studies in this area seem rather soft, and a
controlled trial is necessary. In addition, it is accepted that theophylline, widely
used in the US, can lead to decreased lower oesophageal sphincter pressure and
thus reflux. This might partly explain an association between asthma and GOR. A
final point is that the definition of "pathological" reflux is blurry. In studies where
the acid reflux test is used alone, the false positive rate can be high.

2.5.5 Lack of breast feeding : A large number of studies have found that
breast feeding protects to some extent against the development of atopy, most
obviously in the case of infantile atopic dermatitis and food allergy. The effect is
small, and so not detected in all studies [Duffy & Mitchell 1993; Martinez et al
1992; Burr et al 1993; Arshad et al 1993], and is confounded by other factors
associated with the maternal choice to breast feed (social class, cigarette smoking).
For example, in 1022 infants studied by Martinez et al [1992], wheezing before one
year of age was predicted by maternal age, smoking, birth order but not breast
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feeding.

2.5.6 Low Birth Weight : Low birth weight (LBW) is a risk factor for both
neonatal and long term respiratory disease. It had been usually accepted as a
cause of childhood obstructive airways disease, and this had been attributed to the
increased incidence of need for ventilatory assistance, hyaline membrane disease,
or meconium aspiration during delivery. For example, lower respiratory disease is
present in 8% of very LBW infants at 40 weeks of age [McCormick 1985]. A
number of long term follow up studies of ventilated infants have found chronic
airflow limitation in up to 70% in adulthood [Northway et al 1990].

LBW children, even in the absence of perinatal respiratory complications,
also suffer from increased numbers of respiratory tract infection in the first eighteen
months of life [Drillien et al 1958]. It is known that lower respiratory tract infection
before age 2 years is a predictor of both diminished lung function and chronic
respiratory symptoms [Gold et al 1989]. Martinez et al [1988] showed that
wheezing in the first year of life was associated with a prior increased total
respiratory resistance, but did not investigate antenatal and perinatal events that
may have led to diminished lung function. Schwartz et al [1990] report that LBW is
also associated with childhood asthma and wheeze (OR=1.4), as did Arshad et al
[1993] in a cohort study up to age two years (OR=3.0, 95%CI=1.4-6.5). Arshad et
al did not detect an effect of prematurity, but Rona et al [1993] showed that LBW
was not a risk of wheeze after adjustment for prematurity. Prematurity was a
significant risk factor, with the odds of frequent wheeze rising 1.1 (95% CI=1.0-1.2)
for every one week of prematurity. This effect on asthma is small, and so has not
been detected in smaller longitudinal studies [eg Leeder et al 1976].

2.5.7 Other prenatal/perinatal influences : A number of studies have
shown that umbilical cord total sIgE level predicts the risk of later allergic diseases.
Levels are extremely low at birth - Halonen et al [1991] report a geometric mean of
0.09 IU/ml. In that study of 1074 infants, those that developed eczema in the
following nine months had a significantly higher mean cord IgE of 0.16 (P=0.002).
There was tracking of sIgE levels with a correlation of 0.44 between sIgE level at
nine months and at birth. Kjellman and Croner [1984] used a cutoff of 0.09 IU/ml
to predict allergic disease developing by age six years in 1651 children. Only 12%
of their sample exceeded this threshold. For asthma, the odds ratio was 7.8
(95%CI=4.7-13.1), and for atopic dermatitis, OR=5.5 (4.0-7.7). These correspond
to sensitivities of 0.49 and 0.36 respectively, so this was not a useful screening
test.

Such effects must either be genetic, and/or due to intrauterine influences.
There is evidence to support both mechanisms. For example, Halonen et al [1991]
report a seasonal variation in cord sIgE with a spring-summer peak, a pattern
coinciding with that seen for allergic diseases as well [eg Duffy & Mitchell 1991;
Arshad et al 1993]. This seasonal effect (which is not usually large) implicates
pre/perinatal events in the genesis of asthma. Maternal diet has been correlated
with the specificity of the cord IgE [Michel et al 1986]. Such maternal effects
complicate the genetic modelling of atopy.

2.5.8 Handedness : Several studies have now claimed an association
between sinistrality and atopic conditions, including asthma. Norman Geschwind
first suggested an association [Geschwind & Behan 1982] might exist, basing this
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on a theoretical mechanism for embryological lateralisation. All replications to date
have been performed by psychologists rather than epidemiologists, in small
samples [Benbow 1986; Pennington 1987]. One intriguing study [Weinstein et al
1990] has suggested increased sinistrality among children of asthmatics. A
possible mechanism for all this is via low birth weight [Williams et al 1992].

2.5.9 Psychological mechanisms : Exacerbations of asthma have been
associated with emotional stress since antiquity, and the psychoanalysts such as
Alexander developed psychosomatic (metaphorical) explanations for the aetiology
of asthma. A entire issue of Psychological Medicine [1990] reviewed the literature,
and concluded that psychological mechanisms other than those observed in any
group of chronic disease sufferers were not important [eg Rutter 1970]. That is,
denial of symptoms in severe asthmatics is a risk factor for undertreatment and
thus sudden death, and behavioural and emotional disorders can arise as a
consequence of severe illness.

2.5.10 Tobacco smoke : The existence of a relationship between cigarette
smoking, either active or passive, and the development of asthma remains a little
unclear. There seems no doubt that smoking does lead to COPD, and passive
smoking can be demonstrated to diminished lung function, especially on measures
of small airway function [Kauffman et al 1989; Duffy & Mitchell 1993; Rona & Chinn
1993]. But, though a number of studies of children of smokers have suggested an
increase in asthma (and acute respiratory illness), other large cross-sectional
studies have found no association. Part of the reason for this is a reciprocal
interaction, in that asthmatics seem to be less likely to take up smoking.

Weiss et al [1985] first reported a two-fold increase in atopy among offspring
of smoking parents. This was replicated by Martinez et al [1988; Ronchetti et al
1990], who demonstrated a concurrent rise in BR, sIgE level and eosinophilia in
children of smoking parents. A smaller effect on risk of persistent wheeze was
found in the Six Cities study [Gold et al 1993] in US offspring of smokers (OR=1.3,
95%CI=1.1-1.7). Maternal smoking was found to predict asthma up to two years of
age (OR=2.2, 95%CI=1.5-3.4) by Arshad et al [1993], but not by Burr et al [1993] in
a similar cohort study from birth to seven years of age. Duffy and Mitchell [1993],
however could not demonstrate any increase in reported wheeze in such children,
although a slightly diminished FEF25-75 did differentiate offspring of smokers from
those of nonsmokers. Strachan et al [1990b] could not demonstrate a relationship
between salivary cotinine and wheezing in 770 seven year olds. Lebowitz [1977]
found an association (RR=2.2 for "ever" versus "never" smoked in males) between
smoking habits and asthma in non-skin-atopic adults from the Tucson
Epidemiologic Study of Obstructive Lung Disease cohort study. Heavy smokers
were only 1.5 times as likely as never smokers to report asthma, and if asthma
unaccompanied by other diagnoses (chronic bronchitis and emphysema) was used,
no relationship was found. Vesterinen et al [1989] found smokers to be twice as
likely to develop asthma as nonsmokers in their large prospective study. Tashkin
et al [1993] reassuringly report that marijuana does not seem to increase bronchial
responsiveness in the way that tobacco smoking does.

2.5.11 Air Pollution : Air pollutants can be broadly broken into
photochemical oxidants (ozone and NOx), sulphur dioxide and SO2-particulate
complexes, acid aerosols (such as sulphuric and nitric acid) and particulates.
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While air pollution is associated with chronic bronchitis, and exacerbates existing
asthma, a causative role in the occurrence of asthma is not well established.
Ozone has been shown to cause airway inflammation that is associated with
increased nonspecific bronchial hyperresponsiveness. Epidemiological
evidence linking asthma and allergy with air pollution is less strong than that for
chronic bronchitis. Whincup et al [1993] have pointed out that the increases in the
prevalence of asthma seen in the UK run counter to the decreases in rates of
smoking and exposure to particulate and SO2 pollution in that country. In a similar
vein, von Mutius et al [1992] found bronchial hyperresponsiveness, asthma and
allergic rhinitis less common (though bronchitis more common) among
schoolchildren in heavily polluted Leipzig (Eastern Germany) when compared to
less polluted Munich (Western Germany). Corbo et al [1993] also found reported
asthma no more common in Rome and Civitavecchia (high pollution - prevalence
7.8%) than in rural Viterbo (low pollution - 5.6%, OR=1.3, 95%CI=0.9-1.9), and skin
test positivity rates were the same in each region (21% positive to any of eight
allergens).

SO2 and particulates both arise from the burning of fossil fuels. Dense
particulate smogs such as that affecting London in 1952 are associated with
marked mortality and morbidity due to respiratory disease, and Schwartz [1992]
has presented longitudinal data from six US cities to show that total mortality is
linearly related to particulate levels (TSP) with no threshold of effect. Studies have
suggested an association between daily hospital attendance rates for asthma
[Schwartz et al 1993], asthma medication use [Pope et al 1991] and particulate
levels (PM10), while limited animal work has suggested that hydrocarbon particles
can act as adjuvants for allergens.

Low concentrations of inhaled SO2 do precipitate episodes of
bronchoconstriction in asthmatics - notably the dose inhaled while consuming food
or drinks containing sodium metabisulphite. In animal models SO2 facilitates
allergic sensitisation [Reidel et al 1988]. Studies have suggested a relationship
between SO2 and hospital admissions for asthma [Tseng & Li 1990].

2.5.12 Dietary Sodium : Burney [1987] has reviewed epidemiological
evidence that implicates the high sodium diets consumed by humans in developed
societies in increasing bronchial responsiveness. He argues, correctly, that the rise
in the prevalence of asthma in African and Polynesian peoples moving from
traditional to Western lifestyles must have an environmental basis. He has found
that within England, regional asthma mortality is correlated with mean table salt
purchases, and that in one survey of nonspecific bronchial responsiveness, 24 hour
urinary sodium excretion was correlated with PD20 to histamine, after adjusting for
skin atopy [Burney et al 1986]. Pistelli et al [1993] more recently reported that
personal table salt use was associated with wheezing in a sample of 2439
adolescents (for wheeze outside of a cold OR=2.2, 95%CI=1.3-3.8; for exercise
induced wheeze OR=2.2, 95%CI=1.3-3.4). Urinary potassium but not urinary
sodium excretion was associated with BHR.

Several trials of a low or high sodium diet in asthmatics have been
performed. Javaid et al [1988] found that doubling salt intake increased bronchial
responsiveness to histamine in nine out of ten asthmatics in one dietary challenge
study. This finding was replicated by Carey et al [1993] in a double blind crossover
trial of sodium supplementation in 22 asthmatics.
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2.5.13 Dietary Selenium : Selenium levels in New Zealand soil are very low,
and although human disease had not been linked to deficiencies in that country,
some domestic animals have required supplementation. Since asthma incidence is
so high in New Zealand, this was examined as a possible risk factor [Flatt et al
1990]. Serum levels were decreased in asthmatics compared to controls. A
number of previous studies have suggested alterations in the selenium-dependent
enzyme glutathione peroxidase in asthmatics [Hasselmark et al 1990; Bibi et al
1988]. Hasselmark et al [1993] performed a double blind trial of selenium
supplementation in 24 intrinsic asthmatics. A clinical improvement (based on
patient report and blind review of results by the investigators) was noted in 6 of the
12 subjects who received the fourteen weeks of supplements, and in only one of
the controls. No significant changes were detectable in spirometry or histamine
challenge results however. Schwartz and Weiss [1990] reported data from the
second National Health and Nutrition Examination Survey, where no association
between recent wheeze and selenium intake or level was found.

A study of Auckland infants [Dolamore et al 1992] suggested that non breast
fed infants had lower levels of selenium and glutathione peroxidase levels - this
could possibly provide yet another explanation of the protective effect of breast
feeding on asthma.

2.5.14 Other nutrients and asthma : A number of other cofactors
important as antioxidants have been examined for an association with asthma and
obstructive airway disease. During the NHANES ΙΙ [Schwartz & Weiss 1990],
candidate nutrients such as dietary β-carotene, ascorbic acid, copper, zinc and
selenium were measured in nearly 7000 30-75 year olds, and included in logistic
regression to predict recent wheeze (previous twelve months) and bronchitis. The
prevalence of wheeze ranged from 5% of white males aged 30-39 years up to 16%
of those aged 70-75 years, and from 7% to 10% of white females. Rates in blacks
were a little higher. Wheeze was found to be (independently) associated with total
energy intake, niacin and ascorbate levels, the zinc:copper ratio, smoking, family
income, and state of residence. I am unsure how much of wheezing in this sample
is due to asthma and chronic obstructive disease - the rise in prevalence with age
suggested the latter is important. Decreased serum retinol has been found to
predict later obstructive airway disease (excluding asthmatics) in other studies
[Morabia et al 1989, 1990] - but this was not the case for the NHANES data.

A number of small clinical trials have evaluated the effectiveness of
ascorbate in asthma and found small benefits. Those evaluating fish oils (the ω-
unsaturated fatty acids), which have shown a benefit in other inflammatory
diseases (notably rheumatoid arthritis), have found either no effect [Arm et al
1988], or a worsening [Picado et al 1988]. No benefit of fish in the diet was found
in NHANES [Schwartz & Weiss 1990].

2.5.15 Asthma therapy : This remains a controversial area. The increase
in asthma mortality seen in 1969 across several countries was at the time put down
to the unregulated use of the nonselective β-agonist isoprenaline, and more
recently, another β-agonist, fenoterol, has been similarly implicated. Page [1993]
has put forward the radical theory that bronchodilator therapy allows increased
doses of allergen to reach the lower airway, as well as suppressing
immunomodulatory functions of mast cells. These mechanisms might turn an
otherwise transient period of wheezing in the life of a child into chronic allergic
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asthma. So far only animal models support the idea that this could occur [Page
1991].

2.6 Allergy,disease and evolution

Since asthma and atopy are such prevalent traits, population geneticists
have speculated about mechanisms that have led to genetic susceptibility being so
common. The classic model for selection pressure maintaining a common disease
is sickle cell anaemia and the heterozygote advantage against malaria that the
sickling gene invests [Vogel & Motulsky 1986].

2.6.1 Parasitic disease : Since the main role of IgE is thought to be
protection against parasitic infection, it has been suggested that individuals who
mount an excessive IgE response, ie allergic disease, will be less susceptible to
parasitosis [Masters & Barret-Connor 1985]. Unfortunately, some anecdotal
evidence has been advanced to suggest the opposite, that intestinal or skin
(sarcoptes) parasitosis might protect against asthma, while others have concluded
that parasitic disease causes asthma. In the case of a protective effect of scabies,
however, this might represent allergen hyposensitisation as there is cross reactivity
between the antigenic determinants of the house dust mite and Sarcoptes mite.

One of the better known studies examining these hypotheses [Grove &
Forbes 1975] was performed in Papua-New Guinea and found a strong negative
association between presence of asthma or atopy in the individual and hookworm
egg load (all were infected). An earlier Canadian study [Tullis 1970] suggesting a
strong positive association was strongly criticised. A number of other case-control
studies have found no difference in infestation rates [Masters & Barret-Connor
1985]. Godfrey [1975] noted an inverse association between sIgE level (interpreted
as a marker of parasitosis) and prevalence of asthma in The Gambia comparing
rural to urban communities, and Gerrard et al [1975] made a similar finding for
Metis (Cree Indian descent) and white Canadians (British descent). These findings
have been interpreted in population genetic terms, suggesting that a selection
advantage (with respect to parasitosis) may have maintained the level of allergic
individuals in the population until quite recent times.

2.6.2 IgE and cancer : A number of epidemiological studies have
suggested that allergic disease is negatively associated with a variety of cancers.
If atopy is protective against some or all cancers, this might represent a
mechanism maintaining the high frequency of allergy in the population.

Vena et al [1985] lists sixteen studies [including Cockcroft et al 1979] in
addition to their own large case-control study that have examined this question of
which 11 showed a protective effect of allergic disease on cancer. Vena et al
studied 13 665 cases and 4 079 non-neoplastic controls and found a decreased
odds of developing lung cancer in males, and breast and cervical cancer in females
who reported previously suffering urticaria. All these and urinary tract cancer in
males and digestive tract cancers in both sexes were diminished in those reporting
"other allergies", not specified in the questionnaire. A significant adjusted odds
ratio of 1.6 was noted for lung cancers in male asthmatics but not in females, a
finding supported by other studies - Alameda County [Reynolds & Kaplan 1987];
WW2 veterans [Robinette & Fraumeni 1978]. Overall, Vena et al found a net
reduction in all-cancer incidence in allergic individuals.
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More recently, results from the Adventist Health study, a cohort study of
34000 subjects [Mills et al 1992], have suggested that a history of reactions to
medication (and poisonous plants) may be associated with cancer risk, increasing it
in males, and decreasing it in females. Asthma and hayfever were not significantly
associated with any particular site of cancer (for asthma and lung cancer - only 62
events - RR=1.2, 95%CI=0.4-3.3). A mechanism suggested for a protective effect
by the authors of this study is that asthmatic and allergic individuals are more likely
to attend their doctors more frequently - adjustment for time since last visit to
doctor attenuated many crude associations in this data set.

2.6.3 Conclusions about evolution : The evidence regarding allergy and
cancer is confused, and a large predisposing or protective effect seems unlikely. In
the case of parasitosis, a protective effect of a tendency to produce high levels of
IgE seems more probable, though here too the evidence is patchy. Since allergic
diseases were rare prior to the last 200 years (asthma perhaps excluded), an atopy
gene was probably not deleterious until exposure to critical environmental
exposures has become common more recently. These might be air pollution, dusty
blankets, or removal of protective exposures such as early viral RTI.
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2.7 Aetiology: conclusions

Overall, there is good evidence to implicate a number of the factors I have
described as being causative of asthma. The key question is which factor is acting
in the recent rapid increase in the incidence of asthma (and allergy). I think we
can exclude air pollution as responsible (eg rural versus urban comparisons; East
versus West Germany), as well as changes in breast feeding practices, maternal
smoking [eg Ownby et al 1991] or diet. A few of the more likely possibilities are
housing design (with an effect on infantile house dust mite exposure), smaller
family size [Strachan 1989] leading to delayed exposure to viral pathogens (in
which case infant day care should decrease asthma risk, but not necessarily
wheezing), or perhaps a novel infectious agent (such as the Chlamydiae).
Changes in sodium intake may be implicated in BHR, but cannot explain increased
rates of allergic sensitisation. Many workers are concentrating on factors affecting
the immune events occurring in the first three to six months of life, which leads
onto the topics of the next chapter.
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3 PATHOGENETIC MECHANISMS

A bewildering number of hypotheses about the pathogenesis of asthma have
been suggested this century, most of which are supported by at least some
evidence. The multiplicity of aetiological agents reviewed in the previous chapter
imply completely different mechanisms of causality at the biological level. Broadly,
these may be divided into allergic, inflammatory, neurogenic, and physical
mechanisms. Evidence is most extensive currently for a combination of allergic
and inflammatory mechanisms. I will organise this review by first reviewing the
histopathology of asthma, concentrating on the various cell types associated with
active disease, and then the immunology and biochemistry of allergy and of
asthma.

3.1 Pathology of the asthmatic lung

The airway obstruction in acute fatal asthma arises through bronchial
smooth muscle contraction, airway wall thickening and intraluminal mucus and
debris. The wall thickening is characterised by submucosal oedema,
vasodilatation, with cellular infiltrates, predominantly lymphocytes and eosinophils.
Smooth muscle hypertrophy and oedema is present. The epithelium is also
infiltrated by cells, and is sloughy, leaving patches of denuded basement
membrane. The numbers of mucosal goblet cells, and submucosal mucous glands
is increased. The lumen contains mucus plugs, shed epithelium (Creola bodies)
and Charcot-Leyden crystals (crystallised eosinophil derived major basic protein).
Mucus is relatively dehydrated, and so viscid.

Bronchoscopic biopsies taken from mild and asymptomatic asthmatics find
evidence of similar inflammatory processes. Significantly more active eosinophils
are present in the submucosae of mild and even asymptomatic asthmatics
compared to controls. T lymphocytes are also present in increased numbers.
Numbers of mast cells and neutrophils are not usually increased [Djukanovic et al
1990]. There is thickening of the basement membrane, which electron microscopy
has revealed to be due to deposition of (banded) collagen by myofibroblasts.
Lavage fluid from the lumen of the asthmatic airway contains numerous mediators
including histamine, prostaglandins (predominantly PGD2 and PGF2α), leukotrienes,
kinins, kallikrein, and eosinophil derived major basic protein.

3.2 Cells involved in the pathogenesis of asthma

In the current model of asthma as an allergic disease, two cell types are
central. These are the lymphocyte, especially in the role of T-cell as a regulator of
immune processes, and the eosinophil, as effector cell causing tissue damage.
The mast cell retains an important role, but I will defer discussion. Increasing
importance is also being attached to specialised antigen presenting cells (APCs)
such as the dendritic cell.

3.2.1 T lymphocytes : In current models of immune regulation, T-cells
determine the presence or absence as well as the nature of the immune response
the body mounts to various stimuli by release of various patterns of cytokines. A
number of lines of evidence now suggest that T-cells play a central role in the
development and perpetuation of asthma and atopy.
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Okumura et al [1971] were the first workers to show that IgE production is
dependent on and is regulated by the presence of T-cells. These are mainly helper
T (TH) cells (CD3+, CD4+), which express the low affinity IgE receptor (FcεRII or
CD23), and produce a variety of substances such as IgE binding factors (which
include soluble fragments of the FcεRII molecule), and lymphokines that can
suppress or increase IgE production by B lymphocytes and plasma cells.

Burastero and coworkers [1993] showed that the peripheral blood level of D
pter-specific T-cells was elevated in asthmatics compared to controls, and that this
level was correlated with degree of bronchial responsiveness to inhalant challenge
with this allergen. Walker et al [1991] found increased numbers of IL-2 receptor
(CD25) bearing T-cells in the peripheral blood of atopic and nonatopic asthmatics
compared to nonatopic controls. It should be noted that the nonatopic asthmatics
were older, and although skin-test negative, a sIgE over 95 IU/ml was seen in five
out of the ten.

A number of studies utilising bronchial alveolar lavage have demonstrated
the presence of active T-cells in the airways of asthmatics. Robinson et al [1992]
found no increase in numbers of lymphocytes recovered, but did find significantly
increased numbers of cells expressing mRNA for GM-CSF, IL-2, IL-3, IL-4 and IL-
5, which were revealed to be T-cells on double fluorescent labelling for the T-cell
receptor (CD3). Several studies [Kay 1992] have demonstrated abrupt falls in
numbers of peripheral blood CD4+ T-cells following allergen inhalation challenge,
which mirror increases in numbers of T-cells in lung lavage fluid.

The T-cells involved in atopy exhibit immunological memory. Memory T-cells
differ from virgin T-cells in that they express specific cell surface molecules: an
alternative form of CD45 - CD45R- (to which a monoclonal antibody exists);
increased levels of CD2, LFA-1 and PgP-1 - involved in cell adhesion; and the IL-2
receptor [Vitteta et al 1991]. They produce increased levels of particular
lymphokines - IL2, and IL4 or IFNγ. If the appropriate allergen is presented, the T-
cell will undergo clonal proliferation. Although HDM specific clones can be raised
from nonatopic donors [O’Hehir et al 1991], those from sensitised atopic donors are
self-supporting.

An elegant quasiexperiment demonstrating the role of these cells was
reported by Agosti et al [1988] and Higgenbottam and Varma [1989], where skin
atopy and asthma were transmitted by allogeneic bone marrow transplantation, the
effects lasting over one year. In the former study, 12 nonatopic patients receiving
marrow from atopic donors were selected. In 8 out of 11 of these (that had
survived to one year), the recipient developed positive skin prick tests to allergens
to which the donor was sensitised. By contrast, they observed no responses to
allergens where the donor was unreactive. RAST for mite-specific IgE showed long
term survival of a donor-derived allergic response in transplant recipients.

3.2.2 Eosinophils : Eosinophils are granulocytes whose cytoplasm contains
eosin staining granules [Gleich 1991]. Production in the marrow is modulated by a
number of lymphokines including IL-3,5,6, and GM-CSF. As mentioned earlier,
eosinophils are currently regarded as the effector cells responsible for much of the
pathology of asthma. It has been long known that atopy in general and asthma in
particular are associated with blood and lung eosinophilia. The main role of the
eosinophil seems to be a cytotoxic one, and it acts effectively both against host
cells and parasites such as protozoa. Indeed, the "normal" state associated with
both high levels of circulating IgE and eosinophils is parasitosis, where this
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combination of humoral and cellular host defences is thought most effective.
A point about the relationship between eosinophils and atopy in the literature

should be noted. Eosinophils are important in diseases where no role for IgE has
been delineated - such as "nonallergic" asthmas including that due to sensitisation
to isocyanate [Paggiaro et al, 1990], aspirin, and other small molecules, as well as
intrinsic asthma. As a result, however, some authors have argued (Chapter 1) that
therefore occult allergic - IgE mediated mechanisms - must be present (perhaps
early in their development) in these disease states.

3.2.2.1 Epidemiology and pathophysiology of the eosinophil A number
of studies have shown that peripheral blood eosinophilia is associated with asthma
(and atopy) at all ages. For example, Tollerud et al [1989] describe the association
in the Normative Aging Study where they found that the presence of eosinophilia
(defined as >275 cells/mm3) was increased in asthma (OR=1.9), wheeze (OR=1.8),
positive skin allergen testing (OR=3.4), and also chronic bronchitis and chronic
productive cough (OR=1.9). They infer from the latter two associations that
eosinophilia is a measure of airway inflammation, rather than just IgE mediated
disease. Other workers such as Horn et al [1975], Bousquet [1990] and Griffin et
al [1991] have shown that the degree of eosinophilia is proportional to the severity
of asthma, as measured by clinical grading or pulmonary function. Specific
bronchial challenge (both experimental and nonexperimental) in sensitive
individuals is associated with a short term rise in eosinophil count. Large numbers
of bronchial submucosal and lumenal eosinophils are pathognomic in status
asthmaticus (acute severe asthma refractory to therapy). Eosinophils are
increased in bronchoalveolar lavage fluid from asthmatics compared to
nonasthmatics [DeMonchy et al 1985; Gleich 1990], as are subepithelial (and to a
lesser extent deeper submucosal) eosinophils on bronchial biopsy [Djukanovic et al
1990; Bousquet et al 1990; Beasley et al 1989].

3.2.2.2 Control of eosinophils Since eosinophils do not express the FcεRI
receptor, they must be recruited into both allergic and nonallergic inflammation by
other mechanisms. This is probably mainly by means of lymphokines, especially
IL-5 [Colley 1973], produced both by T-cells and by mast cells. Eosinophils do
express the FcεRII receptor [Frew & Kay 1990], and this may be a less important
source of recruitment into IgE mediated processes. IL-5 is known to mediate the
transformation of eosinophils to the hypodense or activated form, which is seen in
inflammation. In a recent study of fifteen asthmatics experiencing a moderate to
severe exacerbation [Corrigan et al 1993], serum IL-5 levels were elevated
sufficiently to be detectable in eight, but in none out of the seven controls. After
one week of treatment with oral prednisolone, IL-5 was undetectable in any of the
asthmatics. Walker et al [1991] found a correlation of 0.8 between eosinophilia (as
well as eosinophil viability in vivo) and the number of IL-2 receptor bearing T-cells
in the peripheral blood. As noted earlier, IL-2 receptor expression is a marker of
an active/memory T-cell. Another cytokine that may be involved is IL-4, which
leads to eosinophilia in mouse models. IgA is known to enhance eosinophil
degranulation [O’Hehir et al 1991].

3.2.2.3 Eosinophil products These cells secrete a number of proteins.
The most important of these is major basic protein (MBP). This 31 kD protein is
highly basic, and negatively charged in solution, and exhibits potent cytotoxic
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activity [Gleich 1990]. In vitro, MBP causes shedding of respiratory epithelium. In
vivo, levels of MBP in the sputum of asthmatics reflect severity of current disease,
while immunofluorescent studies show that MBP is present in the respiratory
epithelial defects seen in asthmatics’ bronchi.

Eosinophilic cationic protein (ECP) and eosinophil-derived neurotoxin (18-21
kD) are highly homologous proteins and exhibit ribonuclease activity (the latter
more so). Both lead to exfoliation of respiratory epithelium. Both are highly basic.
ECP also stimulates mast cell degranulation, inhibits T-cell activity, and shortens
the coagulation time. ECP has been also found at increased levels in (late phase)
BAL fluid from allergen challenged asthmatics. The secretory form of ECP within
the eosinophil is recognised by the monoclonal antibody EG2, used therefore to
identify activated eosinophils [Tai et al 1984]. Eosinophil peroxidase is cytotoxic in
itself, but more so in the presence of hydrogen peroxide and halides. It too can
cause mast cell degranulation.

3.3 Allergy and IgE

3.3.1 Description of IgE Immunoglobulin E (for Erythema) is a
glycoprotein made up of a distinguishing constant (ε) region of four domains, and a
variable region. The third constant domain Cε3 contains the separate binding sites
for the high (1) and low (2) affinity IgE receptors [Sutton & Gould 1993]. McDonald
et al [1987] have suggested that IgE produced by atopic subjects differs from that
produced by nonatopics in being a more potent stimulus for basophil degranulation.

3.3.2 Cells associated with IgE production

3.3.2.1 T lymphocyte regulation of IgE production : This area has been
the subject of several recent reviews [Lichtenstein & MacGlashan 1990;
Romagnani 1990]. Interleukin 4 (IL-4) is a most important lymphokine regulating
IgE. It is mainly produced by TH cells, as well as CD4- T cells and other
inflammatory cells such as the mast cells [Plaut et al 1989]. The primary as well
as much of the secondary IgE response is IL-4 dependent. IL-4, in the presence of
direct T-cell/B-cell contact (and factors such as low molecular weight B-cell growth
factor, and to a lesser extent other lymphokines) causes IgM producing B cells to
class switch to IgE production. These B-cells may be a particular subclass able to
produce IgM, IgD, or IgE, as the situation demands. It is important to note that a
second signal such as T cell-B cell contact is required for IL-4 to be effective -
either cognate (T cell receptor/allergen-CD3) or noncognate (possibly CD40) [Ricci
1992].

Gamma and alpha interferon (IFNγ, IFNα) are TH-cell produced, potent
inhibitors of IgE production. They are actively involved in the regulation of the IgE
response, and cross-inhibit IL-4 production, and in mice, increase the IFNγ TH1-cell
population while diminishing the IL-4 producing TH2 subgroup. They block IL-4
induced IgE synthesis at the mRNA transcription level in human B-cells [Gauchat et
al 1991]. TH2-cells also produce IL-10, which inhibits TH1-cells indirectly, by
reducing their response to APCs [Fitch et al 1993]. IL-12 is another lymphokine
(produced by macrophages), that enhances TH1 proliferation [Hsieh et al 1993].

In culture systems, human TH-cells have been found to be predominantly IL-
4 secreting if they recognised important allergens (TH2-like, Th2), and IL-2 and IFNγ
secreting if specific to nonallergens such as tetanus toxoid [Wieranga et al 1990].
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Kapsenberg et al [1991] provide even more specific findings. In this study, HDM
specific T-cell clones from atopic individuals were shown to produce IL-4 solely, but
those from non-atopics produced IFNγ, and only small amounts of IL-4. Non-
allergen specific T-cell clones from the atopic subjects were IFNγ producers.
Abnormalities of IL-4 and IFNγ have been reported in atopic dermatitis, with
decreased levels of IFNγ production by mononuclear cells, and decreased
proliferative response to IL-4. In clinical studies of atopic disease, IFNγ has shown
great promise [Boguniewicz 1988]. TGF-β similarly blocks IL-4 induced ε heavy
chain transcription. IL-6 has also been shown to facilitate IgE synthesis.

The same mechanisms are functioning in the elevation of sIgE in helminth
infection in (nonatopic) humans. In schistomiasis-infected subjects, King et al
[1993] found parasite antigens (but not tetanus toxoid) stimulated lymphocytes IL-4
production in those patients exhibiting high serum parasite-specific IgE levels, and
that those individuals with low or medium elevations had increased ratios of IFNγ to
IL-4 producing CD4+ cells.

3.3.2.2 B lymphocytes : These will be from two broad groups, IgE memory
cells, which will be independent of IL-4 regulation and the previously mentioned
IgM secreting B-cells. Memory B-cells are generated in the germinal centres of
lymph nodes and spleen, but long term memory cells tend to settle in the bone
marrow [Vitteta et al 1991]. They differ from naive B-cells in expressing different
surface immunoglobulins, such as sIgG and sIgA (as opposed to sIgM and sIgD)
and have increased affinity (affinity maturation) for their specific antigen following
somatic hypermutation and alteration in VH gene usage. Current theories see
overproducing IgE B-cells as the victims of T-cell dysfunction, in view of their tight
regulation by T-cells. IgE producing B-cells and plasma cells occur in largest
numbers at mucosal surfaces in lung, gut and skin [Sutton & Gould 1993].

3.3.3 Effects of release of IgE

3.3.3.1 High affinity IgE receptor : Mast cells and basophils are the only
effector cells that carry the high affinity IgE receptor (FcεRI), though it may be
present in smaller numbers on antigen presenting cells (APCs) such as dendritic or
Langherhans cells [Bieber et al 1992]. It is the crosslinking and aggregation of the
receptor on the surfaces of these cells that leads to their activation and release of
the major mediators of the allergic reaction.

FcεRI is a tetrameric glycoprotein. It comprises an α chain, β chain and two
disulphide linked γ chains, all associated via non-covalent bonds. The α and γ
chain genes are both located on chromosome 1 (q21-23), and closely linked,
possibly due to selection pressures. The β gene is located on chromosome 11q13.
Since binding of IgE to the receptor is passive, it is the aggregation of receptor
molecules that is essential to the activation of a calcium channel. One group
[Hemmerich et al 1988] have tentatively identified the channel protein as the 89 kD
cromolyn-binding protein - the target site for both cromoglycate and nedocromil.

3.3.3.2 Mast cells : Numbers of mast cells (specifically the mucosal type)
are also controlled by IL-3 and IL-4. Schleimer [1990] notes that mucosal type
mast cells are absent from mucosae in T cell deficient patients, and that in nude
mice, a similar defect responds to IL-3. IL-3 also is known to be a potent mast cell
growth factor [O’Hehir et al 1991]. However, in vitro IL-3 and IL-4 stimulation of
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human mast cells in the absence of tissue fibroblast co-culture leads to
transformation into basophils [Church et al 1991], and it has been suggested
human mast cells lack the IL-3 receptor.

Activation of the mast cell high affinity IgE receptor causes calcium mediated
exocytosis of the cytoplasmic granules, releasing histamine and proteoglycans such
as heparin and chondroitin sulphate over a six minute period [Church et al 1991].
At the same time, synthesis and release of prostaglandins (mainly PGD2) and
leukotrienes (mainly LTC4) is stimulated [Holtzman 1991].

An interesting recent finding is that FcεRI activation leads to mast cell
production of lymphokines: IL-1,3,4,5 & 6, IFNγ & GM CSF (a TH2 like pattern tends
to predominate). IL-5 is an activator of eosinophils, so this might represent one
mechanism for the recruitment of eosinophils to the sites of allergic reactions. Galli
[1993] presents evidence from a mouse model that mast cell derived TNF-α is
another mediator that can drive much of the cellular infiltration seen in early and
late phase allergic reactions. These mediators are not released immediately, but
must be synthesised - this would delay release to the time of the classic late
allergic reaction. Since mast cells produce IL-3 and 4 on stimulation, positive
feedback may be present in allergic processes.

3.3.3.3 Basophils: Basophils are the other effector cell to express the high
affinity IgE receptor. They differ from mast cells by circulating rather than being
localised to tissue, and having a shorter life span. They contain similar cytoplasmic
granules, and basophil proliferation too is under the control of lymphokines, notably
IL-3 and IL-8. Histamine Releasing Factors are other cytokines produced by T-
cells that increase IgE mediated basophil degranulation [O’Hehir et al 1991].
Basophil degranulation releases a number of mediators - histamine, chondroitin
sulphate, neutral protease (bradykinin producing), elastase and major basic protein.

Basophil releasability following stimulation with anti-IgE antibody or f-met
peptide is increased in atopic individuals compared to nonatopic controls [Casolaro
et al 1990]. Furthermore asthmatics exhibit higher responsiveness than allergic
rhinitics. Level of basophil releasability is not correlated with mast cell releasability.

3.3.3.4 Histamine : Undoubtedly, histamine plays a role in a number of
allergic diseases, including asthma. It is the commonest agent used in nonspecific
bronchoprovocative challenge, where it acts by stimulating H1 receptors on
bronchial smooth muscle. However, it should be noted from the outset that the
limited effect of antihistamines including modern agents such as terfenadine and
ketotifen on asthma suggests that histamine is probably not the main mediator in
this disease. Histamine is synthesised and released by mast cells and basophils,
but also by other cells, especially those in rapidly growing tissue.

Histamine receptors are ubiquitous throughout the tissues (like histamine -
"histos"). Both H1 and H2 receptors are involved in vasodilatation, especially
smaller blood vessels, and H1 receptor probably mediate the increase in vascular
permeability [Douglas 1980]. Histamine also activates nerve endings, causing
release of other mediators such as noradrenaline, eg via axon reflex. These
phenomena underlie the classical triple response. General release of histamine
causes an anaphylactoid reaction characterised by flushing and hypotension,
generalised pruritis (C-fibre stimulation) and urticaria, severe headache, intestinal
colic and bronchospasm.
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3.4 Other immunoglobulins

Abnormalities in immunoglobulins other than IgE are more common among
atopic individuals. Particular immunoglobulin G subclass deficiencies (G1 and G3)
cause recurrent sino-pulmonary infection, and are overrepresented in asthmatics as
well as COPD patients attending specialist clinics [Berger et al 1978; Morgan &
Levinsky 1988; O’Keefe et al 1991]. Oxelius [1984] reviewed her own and other
studies documenting increased levels of IgG4 in atopic individuals. This subclass
may be involved in the development of tolerance. Atopy is doubled in frequency
among individuals with IgA deficiency [Strober & Sneller 1991], which often
presents in combination with IgG subclass deficiency.

3.5 Other substances

3.5.1 Bradykinin : The kinins are oligopeptide mediators with wide ranging
effects that include airway smooth muscle stimulation and the regulation of
inflammation [Bhoola et al 1992]. They are produced by the action of the
kallikreins (a group of serine proteases) on kininogens, and inactivated by kininases
(peptidases), the best known of which is kininase II or angiotensin converting
enzyme. Kininase Ia has been reported to be increased in intrinsic asthma
[Schweisfurth 1989], but not kininase II [Studdy & Bird 1989].

Bradykinin causes bronchoconstriction through several pathways - release of
prostaglandins and neuropeptides, C-fibre stimulation and direct effects on smooth
muscle. Inhalation precipitates bronchoconstriction in asthmatics, but not in normal
subjects. It also stimulates the release of lymphokines, notably IL-1 and TNF, from
monocytes, and causes local vasodilation and increased vascular permeability.

3.5.2 Prostaglandins : Both prostaglandins and leukotrienes result from the
metabolism of arachidonic acid [Holtzman 1991]. All the prostaglandins are
produced from PGH2, which in turn arises from the action of endoplasmic
reticulum/nuclear membrane bound enzyme cyclooxygenase. The antagonistic
relationship between platelet produced thromboxane A2 (TxA2) and endothelial cell
produced prostacyclin (PGI2) is probably the best understood regulatory system
involving prostaglandins. TxA2 is a potent vaso- and broncho- constrictor, while
PGI2 a vasodilator. PGD2, by contrast is produced by mast cells, and can cause
bronchoconstriction and bronchial hyperreactivity, and along with the similarly
acting PGF2α, is increased in bronchial lavage fluid from asthmatics [Liu et al 1990].
Both PGD2 and PGE2 potentiate the effects of histamine on vascular permeability,
but PGE2 acts as a bronchodilator rather than bronchoconstrictor. Decreased
production of PGE2 is one mechanism suggested as the one cause of aspirin
hypersensitivity in asthma, since aspirin blocks cyclooxygenase. Another
mechanism is a spillover of arachidonic acid into the lipoxygenase pathway with
increased production of leukotrienes. PGE2 is known to upregulate T-cell IFNγ
receptor numbers - thus suggesting a negative feedback effect on the allergic
response [Holtzman 1991].

In the acute airway response to inhaled allergen, PGD2 is generated and
released from mast cells starting shortly after degranulation. Blockade of the
prostanoid TP1 receptor attenuates the sustaining of the early phase reaction, once
the immediate effects of histamine have subsided [Holgate 1991].
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3.5.3 Leukotrienes : There are three lipoxygenases [Sigal & Nadel 1991].
Currently, the most important to asthma is thought to be 5-lipoxygenase that
converts arachidonic acid to leukotriene A4 (LTA4). This is then converted to LTB4,
LTC4, LTD4, and LTE4. These latter three are the slow reacting substance of
anaphylaxis (SRS-A). LTB4 is a eosinophil and neutrophil attractant, while LTC4,
LTD4, and LTE4 are potent bronchoconstrictors and bronchial secretogogues. They
are produced by a number of inflammatory effector cells; LTC4 by eosinophils, LTC4

and LTD4 by mast cells. These agents are found in lavage fluid from asthmatic
airways, while a number of recent clinical studies have shown that lipoxygenase
inhibitors and leukotriene receptor antagonists abolish bronchial (and nasal)
hyperresponsiveness to challenges such as cold air or exercise in allergic
individuals or improve lung function in asthmatics [Hui & Barnes 1991; Impens et al
1993]. For example, Manning et al [1990] showed that a highly specific LTD4

antagonist (MK-571) blocked exercise induced bronchospasm. This would be as
efficacious as cromoglycate, another agent that affects the mast cell.

Sigal and Nadel [1991] have highlighted the role of 15-lipoxygenase
metabolites in the lung. Tracheal epithelial cells produce large amounts of various
forms of 12-hydroxyeicosatetraenoic acid (HETE) in vivo. 8S,15S-HETE is
chemotactic to neutrophils, an influx of which might be the first step in an
inflammatory cascade though in the guinea pig (ovalbumin) model that Holgate et
al [1991] describe, blocking the neutrophil influx preceding the eosinophils in the
late asthmatic response does not modify the severity of the reaction. Interestingly,
15-HETE can stimulate LTC4 secretion from mastocytoma cells, and mucus
secretion from airway preparations in vitro [Sigal & Nadel 1991].

3.5.4 Lymphokines : As noted earlier when describing the role of the T-cell
in IgE production, these molecules have a number of important roles in immunity
and inflammation (see Table 3.1). It is important to remember that these agents
synergise as well as cross-inhibit one another, and can have different effects on
the same cell at different stages of its lifecycle. The role of IL-12 and IL-13 in
atopy has only recently been reported.

3.5.5 Platelet Activating/Aggregating Factor (PAF): This is an important
mediator of inflammation, and its role in asthma is being intensively studied. It
derives its name from the original observation that it induces calcium dependent
platelet aggregation [Benveniste et al 1972]. PAF (acetyl-glyceryl-ether-
phosphorylcholine) is synthesised by Phospholipase A2 from cell membrane
phospholipids followed by acetylation by acetyl-(CoA)transferase to the active form.
Synthesis is calcium dependent, and the presence of extracellular albumin is
required, probably for transport. The half-life of PAF in vivo is only 30 seconds. It
is degraded back to its precursor by acetylhydrolase (see 5.3.13 below).
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3.5.5.1 Cells associated with production : PAF is produced by a variety
of cells in humans, including neutrophils, platelets, macrophages, activated
eosinophils, endothelial cells, but interestingly not basophils (to date). The stimuli
for synthesis and release include specific allergens, thrombin, collagen, zymosan,
and pharmacological agents such as the calcium ionophore A23187 [Townley et al,
1989].

3.5.5.2 Effects of release of PAF: PAF has a number of properties that
make it an attractive candidate for involvement in asthma pathogenesis [Smith,
1991]. It is chemotactic to eosinophils, increases airway permeability and mucus
secretion. In some (but not all) asthmatic humans, it is a potent bronchoconstrictor
of prolonged effect, and Kaye et al [1990] found pretreatment with PAF increased
bronchial responsiveness to histamine in six out of eight nonasthmatics. Hsieh
[1991] reported that peripheral blood eosinophil and neutrophil counts decreased
within five minutes of inhaling PAF in both asthmatic and nonasthmatic children.
He interpreted this as being due to margination of these effector cells in the lung
(the effect wearing off by ten minutes). Pretreatment with a PAF antagonist
(BN52021 - Gingkolide B) blocked the bronchoconstriction due to PAF in all
subjects, as well as abolishing the transient leukopenia. In three out of seven
asthmatics, it also protected against bronchoconstriction after allergen challenge.

3.5.6 Complement system : Richardson et al [1983] reported that a defect
in the alternate complement pathway was found in 10% of 303 healthy infants
which persisted to age one year in two-thirds. Frequency was also increased in
parents of affected children. Atopy (eczema and/or positive skin test) was
increased in these children compared to matched controls (crude OR=6.4), as was
respiratory tract infection (OR=4.2). I am unaware of any replications, or of the
reliability of the assay used (leucocyte phagocytosis of killed yeast).

3.6 Neurotransmitters

Neurotransmitters play a role in asthma - cholinergic agents such as
methacholine and carbachol cause bronchospasm in susceptible individuals, and
adrenergic agents reverse bronchospasm. More suggestively, pretreatment with
agents such as atropine can block a variety of nonspecific bronchoconstrictors such
as cold dry air and inert dust [Kaliner et al 1982].

Szentivanyi [1962, 1968] is usually cited as the first worker to propose the
unifying hypothesis that asthma represents an underresponsiveness of the lungs to
sympathetic neurotransmitters. He argued that the defect in asthma must be "non-
immunological", and suggested the beta adrenergic receptor as the most likely site
for this. Specifically, he noted that β-blockade induced hypersensitivity to histamine
and other mediators could be demonstrated in most animal species, as well as in
human asthmatics. Nelson [1985] has pointed out that Pottenger suggested the
same hypothesis in 1928.

It is now generally accepted that this simple hypothesis as stated is
incorrect. Nevertheless, studies continue to be presented that do demonstrate
various abnormalities of autonomic function in asthma and in atopy generally.
Shah et al [1990], for example, examined 50 asthmatics and found significantly
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increased responsiveness to vagal/parasympathetic stimulation by carotid sinus
massage, Valsalva manoeuvre and deep breath, but not to sympathetic stimulation.
The studies reviewed by Kaliner et al [1982] provided evidence for both generalised
(multi-system) β-adrenergic hypo-responsiveness and cholinergic
hyperresponsiveness in atopy generally, and additionally α-adrenergic
hyperresponsiveness in allergic asthma. None of these studies prove that these
abnormalities underlie asthma and atopy. Herman et al [1990] suggest the
converse. They note that α-adrenoceptors on tracheal smooth muscle and on
lymphocytes (not present in normal subjects in either case) can be induced in vitro
via incubation with histamine.

3.6.1 Noradrenaline : Pharmacological interest in noradrenaline (and
adrenaline) and asthma has tended to focus on this agents’ effect on airway
calibre. β2-adrenoceptors exist in large numbers on bronchial smooth muscle, and
upon stimulation lead to muscle relaxation. This smooth muscle is not directly
innervated by the sympathetic system however, so adrenergic tone is not important
in normal airway regulation. Few α-adrenoreceptors are present in the normal or
the asthmatic human lung [Spina et al 1989a].

Several authors have demonstrated hyporesponsiveness of airway β-
receptors to β-agonists in severe asthmatics [eg Spina et al 1989b], but this finding
remains controversial, and may reflect treatment with bronchodilators rather than
asthma per se. Connolly et al [1992] did find a significant correlation between
lymphocyte β-receptor density and degree of BHR in 26 drug-naive mild asthmatics
- these are commonly used as a proxy for airway receptors, which may or may not
be valid. A small proportion of untreated or former asthmatics are exquisitely
sensitive to β-blockers, but see below.

β-adrenoceptors are also present on airway epithelial cells, submucosal
glands [Spina et al 1989b], and mast cells. Sympathomimetics therefore decrease
mast cell degranulation and thus allergic wheal responses and allergen-mediated
bronchoconstriction [Page 1993].

3.6.2 Acetylcholine : Barnes [1990] recently reviewed this important
neurotransmitter’s functions in the lung. Muscarinic receptors are present in
bronchial wall smooth muscle, submucosal glands, and are suspected to be
present in human pulmonary vessels. They are more numerous in central airways,
numbers falling off in the bronchioles. Stimulation leads to (1) a drop in cAMP
levels and thus sympathetically driven processes; (2) activation of phospholipase C,
with consequent Ca++ release and bronchoconstriction; (3) activation of
phosphokinase C with longer term phosphorylation and uncoupling of
adrenoreceptors; and (4) mucus secretion by submucosal glands - by means not
currently understood. Sulphur dioxide induced bronchoconstriction is mediated by
cholinergic reflex, and can be abolished by pretreatment with the M1 muscarinic
receptor blocker pirenzepine. In asthmatics, this is not so for pilocarpine, which
targets the M2 receptor, the postganglionic cholinergic nerve (inhibitory)
autoreceptor. However, pilocarpine is protective in normal subjects, and so the M2

receptor is another candidate for an underlying defect in asthma. Another
interesting observation is that β-blocker induced asthma is blocked by
anticholinergics. Since β2-receptors have been found on cholinergic nerves, Barnes
has speculated that disinhibited cholinergic overactivity might result from β-
blockade of the M2 deficient asthmatic cholinergic nerve.

41



3.6.3 Substance P: A number of neuropeptides are thought to be involved
in airway submucosal gland secretion. Substance P, for example, causes glandular
contraction, and glycoprotein secretion. It is released from C-type nerve fibres.
More generally, it acts a bronchoconstrictor, and causes bronchial wall permeability
to increase. It is a potent cause of rapid mast cell degranulation (15-20 second
timecourse), but does not induce mast cell synthesis of prostaglandins and
leukotrienes [Church et al 1991].

3.6.4 Neurokinins : Neurokinin A is a more potent bronchoconstrictor than
Substance P, though less of a secretogogue. Since neutral endopeptidase (the
enzyme that degrades neurokinins) is produced by airway epithelium, epithelial
damage, as is seen in asthma, potentiates Neurokinin A’s action.

3.6.5 Vasoactive Intestinal Peptide (VIP): This peptide neurotransmitter is
present in both airways, pulmonary and bronchial arteries, and within a number of
effector cells implicated in asthma, such as eosinophils, neutrophils, mononuclear
and mast cells. In the latter it is released during degranulation. VIP causes
bronchial smooth muscle relaxation - it is 100 times more potent than isoproterenol
as a bronchodilator [Barnes 1991] - but also inhibits T-cell, mononuclear and mast
cell function, as well as platelet aggregation. In its latter role it is a potent anti-
inflammatory. However, there is as yet no evidence of a (presumable) deficit of
VIP in asthma. It too leads to increased submucosal gland secretion.

3.7 Alpha-1-antitrypsin deficiency (α-1-AT)

Complete deficiencies of this circulating (serine) protease inhibitor were first
noted to be associated with COPD by Eriksson [1964]. A similar association was
pointed out for α-1-AT partial deficiencies by Lieberman [1969]. Interestingly, a
number of studies have suggested both that the diagnosis of asthma is more
frequent among relatives of probands with the complete forms of α-1-AT deficiency,
and that asthmatics are more likely to suffer from intermediate deficiencies.

Alpha-1-antitrypsin is a 52 kD globular protein and is coded for by an
codominant gene located on chromosome 14q31.2 [Kalsheker & Morgan 1990].
The common normal allele is M; those associated with deficiency states are the S
and Z alleles. The gene frequency of the Z allele is approximately 2% in European
populations. A number of less common variants have also been identified. The
PiZZ phenotype is the most severely affected (by panacinar emphysema and
cirrhosis), while the PiSZ and PiSS phenotypes are at increased risk of lung
disease, especially following exposures such as cigarette smoking. The disease
association with PiMS and PiMZ is smaller and is not seen in all studies.

Fagerhol and Hauge [1969] have reported high proportions of PiMS and
PiSS subjects in asthma patients while Hyde et al [1979] also found that PiMS and
MZ asthmatic children required more intense drug treatment than control PiMM
asthmatics. Buist et al [1979] found an excess of asthma in heterozygotes in a
matched 2:1 case-control study (3/21 cases and 2/42 controls). The strength of
this design was that probands were selected as parents of homozygotes detected
through a screening program.

Townley et al [1990] have recently described results of α-1-AT phenotyping
of 723 subjects from the Natural History of Asthma study. These included the
families of asthmatic probands, and families ascertained for a three generation
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absence of atopic disease. All completed a questionnaire, underwent SPT, total
sIgE level estimation and methacholine provocation. Asthmatics made up 36% of
the PiMS group and 21% of the PiMM group (P=0.04). It is not surprising to find
therefore that the PiMS group also had a significantly lower mean provocative
methacholine dose (for PiMS: Area35=1417; for PiMM 2617). However, removing
the current and former asthmatics did not alter this difference. Serum IgE level
was the same for all three phenotypes.

Gaillard et al [1992] reported similar findings for subgroupings of the MM
phenotype. The M2M2 phenotype was found to be more frequent in 90 asthmatics
than 240 controls. Asthmatics were also found to have higher plasma levels of α-
1-AT, but lower levels of Elastase Inhibitory Capacity (EIC). These findings are
suggestive, especially when one notes that EIC level and the EIC/α-1-AT level ratio
(a measure of molar efficiency of the different Pi types) are lowest for PiM2M2 of
the MM subtypes, with the exception of the M2M3 subtype [Oakeshott et al 1985].

In Nigerian asthmatics, Awotedu and Adelaja [1990] found 74/99 asthmatics
to be MM phenotype compared to 98/100 controls. The MZ phenotype was
present in 19 asthmatics and one control. In a similar study of Puerto Rican
asthmatics [Colp et al 1990] in New York found 41/55 nonsmoking asthmatics to be
MM, and 49/61 controls - not a significant difference.

3.8 Alpha-1-antichymotrypsin deficiency

Lindmark has performed a number of studies of α-1-ACT, deficiencies of
which lead to a clinical syndrome similar to that associated with α-1-AT deficiency
[Eriksson et al 1986]. In a recent study [1990], Lindmark screened twelve women
heterozygous for α-1-ACT and their relatives for asthma and allergic rhinitis,
comparing them to a group of 58 matched controls. The index cases were three
times more likely to report asthma (CI for OR 1.05-9.80), but not hayfever.
Relatives with decreased levels of α-1-ACT (N=15) were also more likely to report
asthma (OR=3.1; 95% CI=0.96-9.83, P=0.06). Since this deficiency occurs in only
0.5-1% of the Swedish population, it cannot be a major determinant of asthma.

3.9 Physiological determinants of airway calibre

3.9.1 BR, symptoms and changes in airway calibre : Although I have
noted that bronchial hyperresponsiveness is usually accepted to be necessarily
present in asthma, the relationship between severity of non-specific bronchial
hyperresponsiveness and presence or severity of asthma symptoms is not perfect
[Josephs et al 1990; Pattemore et al 1990]. This must be due partly to technical
factors in the determination of bronchial response (see Chapter 4), biological
variation in BR (for example, circadian changes have been reported), and variation
in the relationship between symptomatic disease and BHR.

3.9.2 Geometrical considerations : Macklem [1990] has reviewed his own
and others’ work to provide a unifying physical model of the determination of airway
calibre. He first notes that normal individuals can inhale very large doses of
methacholine and other "physiological" bronchoconstrictors without airway
resistance falling past a "plateau" value. He argues that this represents the
maximal level of airway closure bronchial smooth muscle contraction can achieve
unaided. This is because increasing contraction stretches the supporting alveoli
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leading to an opposing elastic recoil. Evidence for this is the effect of lung volume
on airway resistance, in that the maximal airway resistance in normal subjects is
greatest at or below FRC, and decreases rapidly above FRC. Further narrowing of
the airway can only occur if the submucosa is thicker than normal due to cellular
infiltration and oedema - known to be present to some extent even in asymptomatic
asthmatics. Alternatively, the peribronchial adventitae may be oedematous,
attenuating the effects of elastic recoil. It should be noted that a number of recent
biopsy studies have shown that the bronchial walls of asthmatics have decreased
elastic layers and subepithelial fibrosis. This might also explain a fall in elastic
recoil. Macklem [1991] describes this as an uncoupling or unlinking of airway from
parenchyma. Wiggs et al [1992] using these assumptions in a mathematical model
of the airway produced simulated dose-response curves for bronchoprovocative
challenge that fit well to observed curves for asthma and COPD.

3.9.2.1 Intraluminal mucus : Airway mucus, especially in a previously
narrowed airway, leads to obstruction of the lumen and to wheeze. Mucus
plugging is a characteristic feature of status asthmaticus, and partly explains the
limited response in this condition to bronchodilators.

3.9.2.2 Respiratory epithelium and submucosa : A number of studies
have documented submucosal fibrosis in asthmatic airways [Roche et al 1989].
This is located just below the basement membrane, and is comprised of fibronectin,
collagen III and V. Its deposition is thought to follow mucosal inflammation. A
smaller baseline bronchial calibre has been demonstrated in small airway disease.

3.9.2.3 Bronchial wall smooth muscle : Bronchial smooth muscle
contraction is probably the most important mechanism involved in acute
bronchoconstriction. Earlier theories have looked for hypersensitivity or
hypercontractibility in smooth muscle as the sole defect in asthma. Holgate and
co-workers have presented evidence that during chronic airway inflammation,
infiltration by myofibroblasts occurs, leading to the increase in depth of smooth
muscle in asthmatic bronchi/ioles. These cannot be distinguished from myoblasts
on conventional staining.

3.9.2.4 Peribronchial adventitia and vessels : It has been increasingly
obvious that the state of the airway circulation has effects on airway calibre either
by (1) increase in vessel wall permeability due to inflammatory mediators, (2)
changes in clearance of such mediators, or (3) a direct influence of increased bulk
of the dilated vessel. The first mechanism is self-explanatory. Dinh Xuan [1990]
invokes the second as an explanation for the protective effects of prostacyclin
given prior to methacholine challenge and the third mechanism as more important
as an explanation for the effects of methoxamine (an α-1 adrenergic agent) in
preventing exercise induced asthma, blocking the post-exercise rebound hyperemia
that may cause this. Direct measurement of tracheal mucosal height in response
to vasoactive agents, and the bronchoconstriction brought on by intravenous saline
load are two lines of evidence further supporting this third mechanism.
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4 EVALUATION OF ASTHMA AND ALLERGY

4.1 Clinical history

A number of epidemiological studies of asthma and allergy have relied on
clinical interview and examination to diagnose disease. Clinicians, of course, would
regard this as the gold standard for such diagnosis - supplemented by appropriate
laboratory testing. However, disagreement between trained observers as to the
presence of clinical signs [Loudon & Murphy 1984] and final diagnosis is common,
and well documented. Aberg [1989] compared diagnosis of asthma and allergic
rhinitis made by himself versus military physicians in 1187 consecutive subjects.
The presence of asthma was underdiagnosed by 20% in the routine military
examination compared to his own diagnoses.

4.2 Questionnaires

4.2.1 MRC: The British Medical Research Council respiratory questionnaire
(MRC 1960) was designed for the diagnosis of chronic bronchitis in epidemiological
studies. As a result, it contains relatively few items for the diagnosis of asthma.
These ask about wheeze (Q 14a Does your chest ever sound wheezing or
whistling: Yes/No; Q 14b Do you get this on most days - or nights: Yes/No) and
the diagnosis of asthma (Q17 Have you ever had...bronchial asthma: Yes/No;
specify type and any important details: open ended response). As a result, most
studies of asthma using the MRC questionnaire supplement these items with ones
on severity, frequency and recency of episodes, treatment, age at onset. The MRC
core items, however, have now been used in a great number of studies and allow
appropriate comparisons between studies.

4.2.2 ATS-DLD-77 : The American Thoracic Society and the Division of
Lung Diseases on the National Heart, Lung, and Blood Institute developed a more
extensive respiratory questionnaire based on the MRC questionnaire. The items
on asthma and wheezing are only slightly more extensive (Q 12a Does your chest
ever sound wheezy or whistling when: you have a cold Yes/No; Occasionally apart
from colds Yes/No; Most days or nights Yes/No; Q18a Have you ever had Asthma:
Yes - still have it; Yes - no longer have it; No).

Helsing et al [1979] compared the ATS-DLD-77 with the MRC respiratory
questionnaire both administered by interviewer (telephone), and self-administered
to separate covariate-matched (age, sex, smoking, and years of education)
samples of white Maryland residents. The response rate in the telephone samples
was 80%, but only 52% (MRC) and 62% (ATS-DLD) in the mailed group, despite a
single repeat mailing, telephone followup and home visit to those uncontactable by
telephone. The authors state that the latter is partly due to termination of the study
cutting off followup of late-enrolled replacements (22% of the overall sample were
replacements for subjects who refused to take part).

The important results were that telephone interview and self-administered
questionnaire obtained the same prevalences of wheezing, chronic wheeze and
asthma; the prevalence of ever wheeze and asthma was 51.9% and 4.8%
respectively using the ATS-DLD-77, and 31.5% and 5.6% using the MRC.

The children’s version of the ATS-DLD-77 was used as the basis for the
WHO childhood respiratory symptoms questionnaire. One month repeatabilities for
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this are described by Brunekreef et al [1992]. For "ever" wheeze the repeatability
(Cohen’s κ) was 0.76; wheeze in the last twelve months was 0.78; and for doctor-
diagnosed asthma, 0.76. Prevalences on both occasions tend to remain
unchanged, suggesting error was at random.

4.2.3 TAFQ: The Tasmanian Asthma Foundation Questionnaire was
developed for a survey of all seven year-olds in Tasmania in 1968 [Gibson et al
1969]. This questionnaire contains numerous questions measuring wheeze and
cough - recency of last episode, frequency in last two years, lifetime number and
average duration of episodes, association with dyspnoea, provocation by exercise
or season; respiratory tract infection; other atopic diseases; passive exposure to
tobacco smoke, animals; history of infant feeding. The key (switch) wheeze item is
"[h]as he/she at any time in his/her life suffered from attacks of asthma or of
wheezy breathing? Yes/No (NOTE: Please regard ’asthma’ and ’wheezy breathing’
as being much the same thing for this survey; we do not ask you to try to tell the
difference.)". The key (switch) cough item is "[h]as he/she at any time in his/her
life suffered from bronchitis or attacks of cough with sputum (phlegm) in the chest
(’loose’ or ’rattly’ cough)? Yes/No (NOTE: Please regard ’bronchitis’ and ’cough
with sputum (phlegm)’ as being much the same thing for this survey; we do not ask
you to try to tell the difference.)". No information about medical diagnosis of
asthma was sought. Modifications of the TAFQ have been used in several
Australian asthma surveys, most recently a followup of the 1968 Tasmanian cohort
and their families - so consistency of questions with this instrument allows
comparisons with other Australian studies. Mitchell and Miles [1983] reported the
three month repeatability of "ever" wheeze at κ=0.86, and "ever" cough at 0.81.

4.2.4 IUATLD : Burney et al [1987, 1989] describe the development and
validation of a questionnaire to predict bronchial hyperresponsiveness. These
authors argue that BHR, being an objective measurable entity, is a better criterion
than the diagnosis of asthma.

The International Union Against Tuberculosis and Lung Disease (IUATLD)
questionnaire was completed by 4307 out of 6900 eligible adults aged 18 to 64
years in three English towns. A subset of 1325 respondents (all subjects with a
history of wheeze, and a 20% random sample of the remainder) were invited to
undergo a histamine inhalation challenge (Yan protocol), of whom 833 actually
underwent testing. Using the results from half this group, the questionnaire items
that best predicted BHR were determined using logistic regression and discriminant
analysis. The performance of these chosen items was then evaluated on the other
half-sample. BHR (PD20<7.8 µmol) was present in 28% of the training sample and
14% of the evaluation sample.

The items chosen covered: (1) wheeze in the previous twelve months; (2)
nocturnal dyspnoea in the previous twelve months; (3) "regular trouble with
breathing that gets completely better"; and (4) chest tightness in contact with dust,
animals or feathers. The discriminant function based on these four items had a
sensitivity of 53% and specificity of 90%. This was only a slight improvement on
the single item on wheeze in the last twelve months which had a sensitivity of 47%
and specificity of 92%. In addition, the three month repeatability of recent wheeze
was higher - Cohen’s κ=0.86 - than that of the discriminant function - κ=0.58.

Despite the rationale of using BHR as a proxy for asthma, the authors note
that BHR was strongly associated with smoking in this population, as asthma is
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not. The correlation between diagnosed asthma and BHR was not strong
(sensitivity of asthma in the previous twelve months as a marker of BHR was 22%).

Abramson et al [1991] administered this questionnaire to 827 Australian
subjects, validating against both a modified form of the MRC questionnaire and
methacholine inhalation challenge. The two questionnaires agreed fairly well - for
the critical item of wheeze, Cohen’s κ=0.72 (casewise concordance 62%). In
predicting BHR, wheeze in the last twelve months had a sensitivity of 49% and
specificity of 86%, not markedly different from Burney [1987]. Again, the sensitivity
of "recent asthma" was 21.5%.

4.3 Spirometry

The most informative, and often only investigation used in the diagnosis of
asthma is the assessment of lung function. The documentation of variable airway
obstruction fulfils the ATS criteria for asthma reviewed in the first chapter, and may
be spontaneous or provoked by bronchodilator or bronchoconstrictor agents.

4.3.1 Peak flow : The instantaneous maximal forced expiratory flow (PEF)
is the largest flow rate recorded during a forced expiratory manoeuvre. This can
be measured by spirometer, or peak flow meter. It is highly correlated with FEV1.
The mini-peak flow meter has now become a standard tool for use by chronic
asthmatics to record the degree of airway obstruction over time. Alterations in PEF
from the longterm average for a given subject precede and follow symptomatic
asthma exacerbations [Brown 1991]. In addition, indices measuring diurnal
variation in PEF are correlated with degree of bronchial responsiveness [Ryan et al
1982; Brand et al 1991].

4.3.2 Conventional spirometry : I refer here to simple volume-time
spirometry. The classical measure arising from the forced expiratory manoeuvre
volume-time recording used to assess asthma is the forced expiratory volume in
one second - FEV1. Acute FEV1 decrements reflect acute airway obstruction -
mainly in the airways over 2 mm in diameter [Brown 1991]. In the case where
previous values of FEV1 for an individual are not available, an expected value can
be calculated using regression equations based on samples of normal subjects.
These will usually include height and age, but can be extended to other
anthropometric measures such as weight, sitting height and chest diameters. In
this case, diminished values of FEV1 relative to the normal population may arise
from short or long term airway obstruction, or from restrictive lung disease. The
latter alternative is usually excluded by simultaneous assessment of the vital
capacity (VC) or forced vital capacity (FVC) - which is diminished in restrictive
disease.

A number of measures of small airway obstruction are in common use.
FEF25-75 is the forced expiratory flow rate between volumes 25% and 75% of FVC.
This measure is correlated with histopathologic small airway disease [Wright et al
1984]. More sophisticated indices include those arising from time- and frequency-
domain analysis of the volume-time curve (where mixtures of exponential
distributions are fitted to the overall curve), as well as those based on the flow-
volume loop. Between asthma episodes, the FEV1 commonly overlaps the range
seen in the normal population, but measures such as FEF25-75 are more likely to be
reduced.
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4.3.2.1 Spirometry reference values : A number of reference regression
equations are in common use to provide norms for the assessment of FEV1 and
FVC. In European and some Australian laboratories, those of the European Coal
and Steel Community have become accepted as appropriate for Caucasian adults.
US laboratories follow the ATS recommendation of selecting reference values that
the group thinks is appropriate to their particular patient population. Individuals
from other races tend to have smaller lung volumes for the same height and age -
a factor adjusted for by the addition of cubital span in the regression equations, or
multiplying final values by an adjustment factor, usually 0.9.

The ECCS equations [Quanjer et al 1993] for nonsmoking males are,

4.1FEV1 4.30(Height) 0.029(Age) 2.49; RSDFEV1
0.51

FVC 5.76(Height) 0.026(Age) 4.34; RSDFVC 0.61

and for nonsmoking women,

4.2FEV1 3.95(Height) 0.025(Age) 2.60; RSDFEV1
0.38

FVC 4.43(Height) 0.026(Age) 2.89; RSDFVC 0.43

where RSD is the standard deviation of the residual (Observed-Predicted).

4.3.3 Bronchodilator test : The test most commonly used in the diagnosis
of asthma in clinical practice is to assess the acute response of the subject’s lung
function to an inhaled dose of bronchodilator. This demonstrates the reversibility of
obstruction, thus fulfilling one of the ATS criteria for asthma. As I noted earlier, the
reversibility in asthma may be slow, and assessment of improvement in lung
function over several days of therapy is often used clinically.

Change in FEV1 is the usual outcome measure, and a number of indices for
diagnosis of significant reversibility have been developed based on ∆FEV1 normed
using predicted FEV1, and observed or predicted FVC. The most used measures
are ∆FEV1/pre-bronchodilator FEV1 (∆base), and ∆FEV1/predicted FEV1 (∆pred).
Previously, a diagnosis of reversibility has been commonly based on a +15% ∆base

[American College of Chest Physicians 1974]. Since the upper 95% confidence
limit for ∆base in general population samples is 8-9%, the American Thoracic Society
diagnostic threshold is +12% ∆base [ATS 1991]. The ECCS criteria [Quanjer et al
1993] require a ∆pred=+12% that exceeds 200 ml. Miller et al [1987] presents a
graph of ∆base versus predicted FEV1 to categorise response allowing for the fact
that large proportional changes in FEV1 on a small pre-bronchodilator volume may
in fact represent trivial absolute volumes.

4.3.4 Bronchoprovocative testing : The assessment of bronchial
responsiveness is performed by inhalation challenge using specific and nonspecific
bronchoconstrictors. Although in use since the 1940s, its role in the diagnosis (and
management) of asthma, as opposed to research, is still limited. This is because
most asthma is still satisfactorily diagnosed using clinical criteria. In addition, the
discovery of a proportion of the population with asymptomatic bronchial hyper-
responsiveness has blurred the interpretation of this finding in individuals with
questionable symptoms. Bronchial responsiveness to different agents may not be
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correlated in the same individual - though particular classes of challenge are
intercorrelated.

Agents can be divided by prevalence of response and the related specificity
for asthma [Cockcroft & Hopp 1987]. A higher prevalence of responsiveness is
seen to the nonspecific agents histamine and methacholine. Lower prevalence and
higher specificity for asthma is seen for exercise and cold air challenge, hypertonic
and hypotonic fluids (hypertonic saline and ultrasonically nebulised distilled water).
Within-group correlations tend to be higher than those between groups, but are not
perfect, so that individuals may respond to histamine, but not methacholine for
example.

4.3.4.1 Indices of bronchial responsiveness : Response to these agents
is usually measured as ∆FEV1/pre-challenge FEV1 (∆base). Several alternatives in
use are ∆FEF25-75, ∆SGaw (specific airway conductance), ∆FVC, ∆PEF and ∆TRR
(total respiratory resistance). The dose-response relationship is usually nonlinear.
In nonresponsive individuals, there may be no alteration or an increase in response
to any dose given. Alternatively, increasing dose will decrease response to a small
degree up to a point, after which further increase in dose sees no further fall - a
plateau, as earlier discussed. In hyperresponsive individuals, the response function
falls away more or less steeply from a inflection point.

Traditionally, the response is plotted versus log-transformed dose, where the
response function appears sigmoid or parabolic in nature (Figure 4.1). Use of
untransformed dose brings the relationship back to approximate linearity [eg
Cockcroft & Berscheid 1983]. The summary indices of these curves are (1) dose
required to cause a specified response; (2) slope of the descending portion of the
curve ("hyperreactivity"); (3) location of the first inflection point ("hypersensitivity");
and (4) location of the plateau, if present. This last index is not measurable in
many asthmatics, and tends to be correlated with the first three - Lougheed et al
[1993] found it correlated 0.95 with PD10 FEV1 (dose provoking a 10% fall in FEV1

from baseline).
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Figure 4.1 Dose-response curves (log scale) for bronchial
responsiveness to histamine (Yan protocol). These curves are
a random sample of those observed in the present study.

By far
the
commo
nest
measur
e used
is PD20

or PC20,
the
provoca
tive
dose or
concent
ration
of the
agent required to cause a 20% fall in FEV1. A fall in FEV1 of this magnitude is
regarded as evidence of significant bronchial hyperresponsiveness. Since a
number of challenge protocols terminate when a ∆base of -20% is reached, this is
equivalent to the averaged slope of the dose-response curve. PD20 is usually
interpolated from the log dose-response plot. Extrapolation beyond the final
cumulative dose to one additional doubling has been performed, although the
appropriate curve to be fitted is problematical.

Chinn et al [1987] have championed fitting a power function to the dose-
response curve for extrapolative purpose. The form of the function they describe
is:

which is equivalent to,

4.3log[∆FEV1] a b.log[dose]

Equation 4.3 is fitted via ordinary least squares, implying exponential error on the

4.4∆FEV1 e a(dose)b

untransformed scale of equation 4. Townley and coworkers fit a parabola (setting
b=2 in Equation 4.4), but summarise responsiveness as the integrated FEV1 over
the dose given, rather than ∆FEV1.

Measures of dose-response slope have an advantage over PD20 in that while
the majority of the general population do not attain a ∆base of -20%, a slope is
always calculable. O’Connor et al [1987] suggested the use of a simplified dose-
response slope ∆base divided by total dose of histamine given. Peat et al [1991]
compared the simplified dose-response slope to PD20 as a discriminator between
symptom groups in the Villawood sample of 1217 schoolchildren. In this sample
only 15% had exhibited a 20% fall in FEV1 (with thus an interpolatable PD20), but
only 43% exhibited no fall at all. Simplified dose-response slope (DRS) was
distributed as a unimodal peaked symmetrical distribution on the log scale in
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children who had never experienced wheezing, but was more skewed in the
sample who had experienced wheezing in the previous twelve months. A linear
relationship was present between log[DRS] and frequency of symptoms.

In a set of 339 subjects from the Vlagtwedde/Vlaardingen study who
underwent methacholine challenge, Rijcken et al [1989] compared several different
indices - extrapolated PD10 and PD20, and the linear regression and simplified DRS.
All indices were log normally distributed, and all discriminated equally well among
symptom groups.

Chinn et al [1993] obtained similar data from a sample of 793 British adults
undergoing histamine challenge. Only 200 had an interpolatable PD20. In 104
individuals retested, the intraclass correlation was 0.85 for log[PD20], using methods
for censored data, 0.84 for the reciprocal simplified dose-response slope, and 0.89
for the least-squares estimated reciprocal dose-response slope. The correlation
between log[PD20] and simplified dose-response slope was 0.95 for uncensored
values of PD20, and all measures discriminated equally well between symptom
groups. This group rejected log transformation of dose response slope as not
producing a normal or homoscedastic distribution in this sample. They also noted
that the repeatability of the simplified dose-response slope was worst for subjects
with a PD20>7.8 µmol of histamine (only 30% of their selected repeat sample),
where this measure would be most useful. The repeatability of the least-squares
estimate of dose-response slope was superior in this regard. As a result of these
considerations, they felt that dose-response slope indices were not superior to
PD20.

4.3.4.2 Protocols for bronchoprocative testing : A multitude of protocols
are in current use for inhalation challenge. Broadly, pharmacologically active
agents are prepared in buffered saline or glycerine solutions, and administered by
nebulisers to the subject either intermittently - timed to inhalation, or continuously.
The inhaled dose of agent is systematically increased, so a dose-response
relationship can be established, and the dosing schedule can either be cumulative,
where effects of the last dose have not remitted by the time of the next dose, or
staggered. Several authors have attempted to use single dose challenges with
nonspecific agents. Baltsch and Gonslor [1990] for example, found that a single
(mean) dose of 0.5 mg histamine had a sensitivity and specificity of 85% for the
diagnosis of hyperresponsiveness. I do not believe these to offer much in
epidemiology.

Several authors have examined the optimum number of spirograms to be
performed after each dose [Scott & Küng 1993; Prieto & Marin 1993]. Deep
inspiration leads to bronchodilation, especially in nonasthmatics, so that response
to a given dose improves with repeated measurements. Another recent paper
[Malmberg et al 1993] noted that deep inspiration immediately prior to a dose of
methacholine led to a smaller drop in FEV1 in response, an effect of the same
magnitude as that arising from repeating the forced expiratory manoeuvre for a
spirogram. Taking the best of two or three tracings therefore will increase
specificity for asthma (which may or may not be desirable).

4.3.4.2.1 Cockcroft/Hargreave : A recognised continuous inhalation
protocol is that of Cockcroft et al [1977], which is an adaption of that of deVries et
al [1962]. A Wright nebuliser driven by 7-8 l per minute of air nebulises the
challenge solution which is inhaled via tidal breathing over two minutes such that
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0.135 ml/minute of solution is delivered. The subject wears a loose fitting face
mask. Spirometry is performed 1.5 to 3 minutes after that dose. The concentration
of histamine solution is increased two fold on each occasion a positive test does
not occur from 0.03 to a final dose of 16 mg/ml. An initial concentration of 1 to 2
mg/ml is used for subjects not expected to be responsive. A positive response is a
∆base FEV1 of -20%. The protocol ceases when a positive response is recorded, or
when the final dose of agent is given. Responsiveness is expressed as PC20

(provocative concentration).

4.3.4.2.2 Chai : Chai et al [1975] described a standardised protocol for
administration of antigen, histamine or methacholine by Rosenthal-French
dosimeter. A compressed air driven DeVilbiss nebuliser (originally a No. 42, but
later a No. 646) nebulises the challenge solution, and is connected to the
dosimeter, which inspiration triggers to open for 0.6 seconds. Five breaths are
taken at each concentration (slow from FRC to IC). Spirometry is performed 1.5
minutes after the dose, and repeated at 3 minutes to document a sustained drop.
The concentrations of methacholine given are 0.075, 0.15, 0.31, 0.62, 1.25, 2.5,
5.0, 10.0 and 25.0 mg/ml. Dose delivered is expressed as a breath unit - one
inhalation of 1 mg/ml solution, so that the total dose that can be given is 225
breath units. Histamine is measured in the same fashion, though the
concentrations used are 0.03, 0.06, 0.12, 0.25, 1.0, 2.5, 5.0, and 10.0 mg/ml, so
that the total cumulative dose is 97.3 breath units. Approximately the same dose
of agent is given via five inhalations via dosimeter as is given by two minutes of
tidal breathing [Ryan et al 1981], though the droplet size produced by the Wright
nebuliser is smaller than that of the DeVilbiss nebuliser so that deposition is slightly
different. Responsiveness is expressed as PD20 in breath units.

4.3.4.2.3 Yan: Yan and coworkers [1984] described a short protocol for use
in large scale surveys. It has gained wide acceptance and has been used in
several large Australian and European epidemiological studies. Histamine and
methacholine have both been administered by this method, the results of which
correlate well with those obtained by the protocols just described.

Histamine or methacholine saline solution is administered by hand operated
DeVilbiss nebulisers (No. 45 or 47), using essentially the same open-mouth
technique as that used for metered aerosol inhalation. Usually four doses
(increasing fourfold) are given one to two minutes apart, thus effects are
cumulative. Various numbers of inhalations of the same concentration solutions
are used. FEV1 is assessed one minute after each dose. The total dose given is
7.8 µmol histamine in the original protocol, though that now used by Ann
Woolcock’s group stops at 3.9 µmol [Peat et al 1992].

4.3.4.3 Histamine : Histamine has been used for bronchoprovocation since
1910, and acts to cause bronchoconstriction by direct stimulation of bronchial
smooth muscle, and by vagal reflex. By inhalation it causes upper and lower
respiratory tract symptoms, as well as systemic symptoms. These include watering
eyes, dry irritated throat, cough, flushing and headache. Hoarseness and
temporary (up to 24 hour) loss of voice can occur, and is more marked in the case
of intercurrent or recent upper respiratory tract infection. Its bronchoconstrictive
effects wear off within half an hour - the upper respiratory tract symptoms
commonly seem to take longer.
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4.3.4.4 Methacholine : This parasympathomimetic agent directly stimulates
bronchial smooth muscle muscarinic receptors. Its period of action is similar to that
of histamine, though it does not cause upper respiratory tract symptoms. It is not
formally approved for administration to humans in Australia.

4.3.4.5 Propranolol : Bronchoconstriction can be induced by inhaled (or
oral) propranolol in asthmatics via the blockade of presynaptic β-receptors in the
parasympathetic system. This agent is more specific to the diagnosis of asthma,
but more likely to precipitate severe bronchoconstriction than methacholine.

4.3.4.6 Allergens : If an individual with asthma or allergic rhinitis
demonstrates a positive skin (allergic) reaction to testing with a particular allergen,
they commonly will respond to inhalation of that allergen by bronchoconstriction.
The dilution of allergen that produces a 5 mm wheal on skin testing is the initial
dose usually used for these challenges. Spirometry is performed 10 minutes after
inhalation by one of the methods described earlier. The late reaction (at 3-8 hours)
is also assessed. This is another agent that can cause severe bronchoconstriction.

4.3.4.7 Exercise and conditioned air : Exercise is a well known "natural"
precipitator of episodes of asthma in susceptible individuals. Usually six to eight
minutes of vigorous exercise is required - most effectively, running. In respiratory
laboratories, the exercise is usually performed on a treadmill or bicycle ergometer
at an energy output provoking a heart rate acceleration to 80% of predicted
maximum [Miller et al 1987], or 40-60% predicted MVV (maximum voluntary
ventilation) [Sterk et al 1993]. In epidemiological field work in children, free running
for five minutes has been used successfully [Burr et al 1990]. Isocapnoeic
hyperventilation is an equally effective challenge.

Since exercise induced asthma is completely prevented by provision of fully
humidified air at 37°C [Strauss et al 1978], challenge with dry subfreezing air has
been explored as a bronchoconstrictor. This method gives comparable results.
Clinical exercise protocols have combined these stimuli [Sterk et al 1993].
Hypertonic saline and distilled water are other physical challenges that are similar
in effect to exercise (and blocked by similar agents). Makker and Holgate [1993]
for example found a (Spearman) correlation of 0.5 between hypertonic saline PD20

and an exercise induced asthma score, but only 0.05 with PD20 methacholine, and
Amirav et al [1993] have shown prechallenge exercise to (in susceptibles) not
increase PD20 histamine.

4.4 Tests of allergy

4.4.1 Skin reactivity : Exposure of the dermis to an allergen in sensitised
individuals leads to the development of an allergic inflammatory reaction at that
site. This occurs naturally via skin lacerations or punctures, often by the plant that
produces that allergen. In clinical practice, the skin is pricked or scratched in a
standardised manner to introduce a known dose of allergen solution. The resulting
reaction is quantified by measuring the area of either the resulting erythema or
wheal.

The procedure most commonly used is that described originally by Freeman
[1930]. This involves skin puncture with a dedicated skin prick lancetter (though it
was originally described using "any sharp needle"). Skin prick lancetters have
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been recently reviewed [Demoly et al 1991], and those giving the most repeatable
results included the Osterballe device (the skin prick lancetter sold by Merck, Sharp
and Dohme, and used in the present study).

Drops of allergen extract are placed on the skin three centimetres or more
apart, usually the volar forearm or back, and the lancetter is used to prick the skin
under the drop. After 10 or 15 minutes, the diameters or area of the response is
measured. The wheal has the advantage of being the most well delimited area.
Turkeltaub and Gergen [1989] report only seven adverse responses to skin prick
testing by this method out of 15794 subjects examined, of which six were syncopal
episodes (and so likely to be vaso-vagal in nature), and one malaise. Probably
only one fatality occurred in the United States due to skin prick (as opposed to
intradermal) testing from 1973 to date [Lockey et al 1987; Reid et al 1993].

4.4.2 Serum IgE determination : Levels of sIgE are much lower in molar
terms than other immunoglobulins, and so historically it was the last
immunoglobulin to be identified.

4.4.2.1 Total : Total serum IgE is estimated by a wide variety of techniques.
Those most in use are the radio-immunosorbent assays, and immunoturbidimetric
or nephelometric assays. Total sIgE is log normally distributed in the population
[Klink et al 1990]. The reference range cited for all adults is usually 0-100 IU/ml,
but levels decrease with age, so the 90% central interval for the Tucson
epidemiologic study of obstructive lung disease sample of nonasthmatic skin-test-
negative adults varied from 2-306 IU/ml for males aged 15-34 years, down to 1-104
IU/ml for females aged over 75 years [Klink et al 1990]. Use of the upper cutoff for
this interval would detect 48% of skin-test-positive current asthmatics from the
Tucson sample.

4.4.2.2 Specific : Allergen-specific circulating IgE levels are most commonly
assayed by radio-immunosorbent assays as above. They correlate with skin test
reactivity to that allergen, but are known to exhibit greater between-occasion
variability, especially in or out of the (appropriate) pollen season. I do not believe
they offer much additional information over the use of appropriately standardised
allergen skin testing. For example, Brand et al [1993] found that SPTs were more
sensitive and specific for the diagnosis of allergy in patients with lung diseases
(Youden’s index 0.45 versus 0.36).
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5 GENETICS OF ASTHMA AND ALLERGY: PEDIGREE ANALYSES

5.1 Early family studies of asthma and allergy

Wiener et al [1936] cites Sennertus (1650) who commented that his wife,
three of her sibs and a niece all suffered from asthma. Salter [1860, p 109] states
"Is Asthma Hereditary? - I think that there can no doubt that it is...the number of
cases in which there is a family history of asthma is greater than will be found...on
the mere doctrine of chance...Out of thirty-five cases...I find distinct traces of
inheritance in fourteen...two cases out of every five". A first degree relative was
affected in ten cases and he notes "...that several brothers and sisters in a family
may be asthmatic without the parents having been so". In subsequent work [cited
by Spain & Cooke 1924], he found a family history of asthma in 39% of a series of
217 asthmatics.

5.1.1 Cooke : Robert Cooke performed two large studies of the inheritance
of atopy, one reported in 1916 [Cooke & Vander Veer], the other in 1924 [Spain &
Cooke]. The first study examined asthma, hayfever, urticaria, angioneurotic
oedema and acute gastroenteritis in 504 subjects. In the second study, because
some doubt had been expressed as whether the last three conditions were in fact
part of the same atopic diathesis, only asthma and hayfever were used to define
atopy in a further 462 individuals. All these subjects exhibited positive intradermal
tests. A control series of 115 nonatopic probands was also recruited. Family
history of atopy was determined by interviewing the proband "and in many cases,
other members of the family".

A family history of atopy was present in 48.4% of cases in the first study,
and in 58.4% of the 1924 study. Only 7% of the 115 normals reported a family
history of atopy (crude OR=19; 95% CI 9-39). This was compared to the
prevalence of asthma or hayfever - 3.5% - in a separate study where 119 medical
students and nurses were surveyed on disease in themselves and their nuclear
families. In the second study, the age of onset of the disease was found to be
earlier in probands with both parents affected, compared to those where one or no
parents were affected (see Table 5.1). The estimated recurrence risks, based on
both studies, were 0.69 if both parents affected, 0.58 if one parent was affected,
and from the normal series 0.02 if neither parent was affected.

Cooke felt the findings were most consistent with an autosomal dominant
gene for atopy. This would give a penetrance of ∼0.6, and a gene frequency of
∼0.03. He did entertain the idea that it was due to a "...dominant and multiple
[factor], the component parts of which are separately inherited", explaining the
variability of age of onset and severity of disease.

Table 5.1 Age of onset and parental affection status for asthma and hayfever
[from Spain & Cooke 1924].

No. parents
affected

Age of onset

1-5 yo 6-10 yo >10 yo Total

Nil 23 (12%) 19 (10%) 150 (78%) 192 (41%)

One 50 (21%) 36 (15%) 150 (36%) 236 (51%)
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Both 18 (53%) 9 (26%) 7 (21%) 34 (8%)

5.1.2 Schwartz : In 1952, Michael Schwartz published a description of his
large family study using the Weinberg proband concordance method entitled
"Heredity in bronchial asthma: a clinical and genetic study of 191 asthma probands
and 50 probands with baker’s asthma". This was performed during the period
1944-49 in Copenhagen. The 288 pages (of his doctoral thesis) include an
extensive review of previous family studies of atopy and asthma.

The asthma probands consisted of those patients treated for asthma at the
Medical outpatients clinic of University Hospital, Copenhagen, through 1943 and
early 1944, and who lived in Copenhagen or environs. Of those eligible, 15% were
either uncooperative or offered inadequate information about their families
(illegitimacy etc). The probands with baker’s asthma were also recruited from the
same outpatients clinic, of which 10 cases were diagnosed in 1943-44. Schwartz
gives the interesting statistic that 5 of the 271 asthmatics seen at this clinic in 1943
had died from asthma by 1946 (3 year mortality rate 1.8%, SE=0.8%).

The control series of 200 individuals were recruited from the outpatient clinic
of the National Poliomyelitis Society (101 individuals), the surgical wards and
outpatients of the municipal hospital (77 individuals), and was supplemented by 22
medical students and 2 masseuses. The controls were approximately age-sex
matched for the cases. Leigh and Marley [1967, see below] have criticised the
choice of controls, presumably as being unrepresentative of the general population.
Schwartz comments that he had great difficulty in collecting an adequate number of
controls, which explains the heterogeneity of sources. Since susceptibility to
poliomyelitis is not known to be associated with atopy, as would be attendance at
medical school, it seems unlikely that any great confounding had occurred. The
use of hospital controls, coming from the same catchment, is also acceptable
[Rothman 1986]. The author felt, but did not test, that cases and controls were
matched on socioeconomic status.

The family material comprised questionnaire, and interview/clinical data from
cooperative subjects. Eligible relatives included all first degree relatives,
grandparents, and the sibs of the parents. The author personally interviewed and
examined 2352 relatives, and obtained mailed questionnaire data from 1463 further
subjects. Data were not obtained from 574 live individuals; this proportion did not
differ between cases and controls (and by sex χ2

3=3.2, P=0.36). The ages of the
various classes of relatives were comparable. Families were ascertained singly.
There was an average of 16 relatives per proband of whom 8.7 were living; again
no significant differences were found between cases and controls.

The asthmatics underwent examination of peripheral blood including
eosinophil count, intracutaneous or scratch test for a number of allergens (usually
22) including dust collected from the patient’s home. These along with the history
were used to dichotomise the asthma cases into atopic and nonatopic. Atopic
relatives and a small number of willing healthy relatives also underwent skin atopy
testing and eosinophil count.

As would be expected, asthma, seasonal and perennial rhinitis, atopic
dermatitis, and to a lesser extent urticaria were found to be associated in the same
individuals. Asthma (Table 5.2), seasonal allergic rhinitis, "vasomotor" ie perennial
rhinitis, and Besnier’s prurigo (atopic dermatitis) were more common in toto in the
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relatives of asthmatics. It might be noted that the combined Mantel-Haenszel odds
ratios for first and second degree relatives differ from each other by a factor of
two - roughly consistent with an additive genetic model of transmission. I
confirmed this using phi modelling (Table 5.3). The trait prevalence under the
additive Phi model was 1.0%, which agrees well with Schwartz’s estimate of 1.1%.
His estimate for the incidence of atopic disease in the general population was 3.2%
(SE=0.5%), significantly lower than that reported by modern studies. As noted
earlier, the incidence of atopic diseases such as asthma have been reported to be
lower in Scandinavian countries [Gregg 1986].

The author then compared the incidence rates for atopic disease in the
asthmatic and control kindreds using person-years to reported age of onset for
survival analysis. Both asthma and perennial rhinitis occurred significantly more
often in the asthma families. The risk for eczema was found to be significant only
for relatives of atopic asthmatics, while seasonal allergic rhinitis (hayfever, an
uncommon disease in Denmark) did not differ for any group. He also reports a
significant higher age-adjusted risk of atopy in siblings of asthmatic probands than
in parents or offspring, and found that this could be explained either in terms of
autosomal recessive or dominant inheritance, given the low incidence rates found.
He comments that a higher population incidence with the given observed risks
would support the recessive hypothesis. Examination of particular pedigrees
however was supportive of a dominant gene with incomplete penetrance, the latter
being estimated at 40% (60-96% in the siblings, and 30-45% for parent-offspring
and second degree relatives). This difference in penetrances was thought
suggestive of epistasis ("polymerism of the genotypic environment [of the
monomeric]" major gene). The theory of Wiener, Zieve and Fries [1936] that early
onset asthma occurs in homozygotes and later onset disease in heterozygotes was
examined and found wanting [Schwartz, p 223 figure 8].

A critical feature of Schwartz’ study is the finding that there was no
difference in risk of atopic disease between the relatives of allergic and nonallergic
asthmatics. Similarly, no differences were found for the prevalence of skin atopy or
eosinophilia in these two groups in either unaffected relatives or those manifesting
atopic disease. For asthmatic relatives of allergic and nonallergic asthmatic
probands for example the prevalences of skin atopy were 20/30 and 29/39
respectively (P=0.5). It should be noted that cooperation with intracutaneous skin
testing was not high in unaffected individuals from either asthma or control families.

The probands with baker’s asthma and their families were not found to differ
significantly from the other asthmatic series, thus confirming that a genetic
predisposition was necessary to develop this occupational disease. Summarising,
this study confirmed the existence of a genetic basis to atopy, and found that
nonallergic and allergic asthma probably represented the same genetic entity.
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Table 5.2 Occurrence of asthma in different classes of relatives of asthmatics and
nonatopics observed by Schwartz [1952], and associated relative risks of affection.

Class of
Relative

Asthma
Families

Control
Families

Odds Ratio (95% CI)

First degree relatives

Father 6/117 0/140 16.3 (3.1-270)*

Brother 18/209 3/217 6.7 (2.0-23.2)

Son 7/99 1/75 5.6 (0.7-47)

Mother 10/130 0/160 22.4 (5.8-385)*

Sister 21/218 3/198 6.9 (2.0-23.6)

Daughter 5/74 0/63 10.0 (1.8-185)*

Combined odds (Mantel-Haenzel) 8.0 (4.0-16.1)

Second degree relatives

Uncles 14/303 5/374 3.6 (1.3-10.0)

Aunts 23/376 5/434 5.6 (2.1-14.9)

Grandmothers 1/59 1/80 1.4 (0.1-22.2)

Grandfathers 3/49 0/249 37.6 (5.5-740)*

Combined odds (Mantel-Haenszel) 4.8 (2.5-9.3)

Total subjects 108/1634
(6.6%)

18/1790
(1.0%)

* Corrected for zero in one cell by Haldane adjustment, however lower limit
produced for unadjusted data using Cornfield method.
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Table 5.3 Genetic (Phi) model fitting to asthma in different classes of relatives of
asthmatics and nonatopics observed by Schwartz [1952].

Model LR χ2 d.f. P AIC

No familial aggregation (E) 117.2 19 0.00 +79.2

Shared environment (CE) 23.8 18 0.16 -5.1

Additive genes (AE) 19.6 18 0.35 -16.4

ACE 18.9 17 0.33 -15.1

ADE 19.2 17 0.32 -14.8

5.1.3 Ratner & Silberman on allergy : These authors [1952] studied
asthma, hayfever, eczema and recurrent urticaria in the first and second degree
relatives of 250 allergic children, and also in a control group of 3000 medical
students, nurses and doctors. Histories for a total of 6244 relatives of the
probands were obtained via the proband’s parents on repeated occasions as
necessary.

A family history of atopy (the four conditions listed above) was found for
54.4% of the probands; a parental history in 22.4%. The prevalence of atopy in the
first degree relatives of the probands was only 5.5% - though that in the parents
was 11.8% and in the sibs 8.8%. Curiously, the authors state the prevalence of
atopy in their control group was 10-13%. The authors made much of the fact that
individual families with a high prevalence of atopy were relatively uncommon, and
concluded by questioning any genetic mechanism as a cause for the familiality of
atopy. The absence of comparable control family data weakens the claims made
by the authors. Otherwise, they note that their results agree well with previous
studies such as that of Spain and Cook [1924, see above].

5.1.4 VanArsdel & Motulsky on asthma and rhinitis : In this study [1959],
5818 freshmen attending the University of Washington in 1956-7 completed a
questionnaire on personal and family history of allergic disease and underwent a
routine screening examination at the University Health Centre. The bulk of
subjects were 17-18 years of age, and consisted of 4110 males and 1708 females.

The lifetime prevalence of asthma or hayfever was 16%. The prevalence of
asthma was 4.7%, and of hayfever 12%, the two coexisting in 2.7% of subjects.
The overall male:female ratio for atopy was 0.8, but for asthma was 0.96, reflecting
the suggested overreporting of allergic rhinitis by females. A family history of
allergic disease was more commonly reported by the allergic subjects (see Table
5.4). Disease in second degree relatives was more likely to be reported by female
subjects - there was no sex difference for reporting of disease in first degree
relatives. The results for the different mating types are presented below (see Table
5.5). Although an item on membership of a twin pair was present in the
questionnaire, no data were presented. Monogenic recessive models were fitted to
the data, and were found compatible with a wide range of gene frequencies and
penetrances. The authors concluded that the findings could as easily be due to
polygenic inheritance.
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Table 5.4 Reported prevalence of atopic disease in relatives of atopic and
nonatopic college students [from VanArsdel & Motulsky 1959].

Class of Relative Atopic subjects Nonatopic
subjects

Odds Ratio
(95% CI)

Parents 383/1942* 563/9694* 3.9 (3.4-4.6)

First degree 426/971 779/4847 4.1 (3.5-4.7)

Number of probands 971 4847

* Number of parents at risk.
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Table 5.5 Risk to proband of different mating types of reportedly atopic and
nonatopic parents [from VanArsdel & Motulsky 1959].

Mating type Atopic Nonatopic No. at risk

Atopic x Atopic 29 (58%) 21 50 (1%)

Nonatopic x Atopic 325 (38.4%) 521 846 (14.5%)

Nonatopic x Nonatopic 617 (12.5%) 4305 4922 (84.5%)

This work is of course open to the criticism that information about the
relatives’ affection status is collected via the probands, a notoriously inaccurate
method [Vogel & Motulsky 1986]. The prevalence in siblings and other specific
classes of relative was not reported, limiting the analyses I can perform.
Nevertheless, the risks agree broadly with those from other studies.

5.1.5 Conclusions : Of the studies carried out up to 1960, that of Schwartz
[1952] is the best designed and executed, in that relatives were followed up very
completely. The finding that occurrence of skin atopy in relatives of nonatopic
asthmatic probands did not differ from that for atopic probands is a critical one.
The estimates of recurrence risks from most of the studies seem to be consistent
with one another, and a genetic cause for the familial aggregation seems most
likely.
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5.2 Later family studies of asthma and allergy

5.2.1 Schnyder on asthma : This large body of work [1960] encompassed
a population survey, a community recruited twin series, and a family study of 361
families. Initially, the population of Zurich was surveyed. This gave prevalences
for asthma 2-4%, atopic rhinitis 4-8%, and atopic dermatitis of 0.1-0.5%. Asthma,
rhinitis and atopic dermatitis tended to coincide in the same individuals. In the
family study, there was a similar aggregation of asthma, hayfever, and atopic
dermatitis (see Table 5.6), but not contact dermatitis, urticaria or drug
hypersensitivity. There was some evidence of specificity of type of atopy within
families, with childhood atopic dermatitis being found more frequently in families of
dermatitis probands than respiratory allergy probands (see Table 5.7). In the case
of a family history of "pure" atopic dermatitis, ie without a coincidental history of
respiratory atopy, the odds ratio was 14 (95% CI 5-39), but for a "mixed" family
history, OR=7.9 (95% CI 3.9-16.0). The converse was also true in that a family
history of asthma/hayfever was more common in respiratory atopy probands than
those with uncomplicated atopic dermatitis (OR=3.7, 95% CI 1.5-9.0), but not if
those kindreds where both asthma/hayfever and atopic dermatitis were reported
were included (OR=1.3, 95% CI 0.8-2.0).

Skin atopy was tested in 191 probands by scratch followed by
intracutaneous testing with five (mixed) aeroallergen preparations. There was no
association between a family history of atopic disease and presence or absence of
skin atopy in the proband: 77/131 skin test positive and 28/60 skin test negative,
OR=1.6, 95% confidence interval= 0.9-3.0. The inheritance of atopy in the families
"strongly supported the hypothesis of a single, autosomal dominant gene with
reduced penetrance (40-50%)". "Sporadic" atopy was also thought to be largely
genetically determined.
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Table 5.6 Familial coaggregation of asthma, hayfever and eczema [from
Schnyder 1960].

Family material Prevalence
in Affected

line

Prevalence in
Unaffected

line

Odds Ratio
(95% CI)

Families with a unilateral history
of asthma (42 families)

31/162
rhinitics

6/147
rhinitics

5.6
(2.2-13.8)

Families with a unilateral history
of rhinitis (63 fam.)

23/214
asthmatics

4/195
asthmatics

5.7
(2.0-16.9)

Families with a unilateral history
of asthma or rhinitis (102 fam.)

9/391
with eczema

1/348
with eczema

8.2
(1.2-177)

Families with a unilateral history
of atopic dermatitis (17 fam.)

14/52
with asthma

or rhinitis

4/56
with asthma

or rhinitis

4.8
(1.4-16.7)

5.2.2 McKee on allergy : Here [1967], results from 1000 patients at a
general medical clinic are reported. Subjects were attending for a routine
examination, and completed a questionnaire on asthma, allergic rhinitis, eczema
and a number of other symptoms in themselves and their families. Only 34% of
the subjects taking part in the study were definitely nonatopic, while 20% reported
definite seasonal symptoms. The prevalence of asthma was 1.7%. As has been
found repeatedly in the studies reviewed above, 50% of subjects with definite
seasonal allergy gave a family history of atopy, as compared to only 18% of the
normal subjects. Due to the selected nature of the subjects and the lack of
detailed information about affection status in relatives, I will not discuss this further.
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Table 5.7 Presence of different atopic disease in families of probands with
asthma, hayfever and atopic dermatitis [from Schnyder 1960].

Lineage
Proband affection status

Atopic
dermatitis
without
asthma/
hayfever

Atopic
dermatitis

with
asthma/
hayfever

Total
atopic

dermatitis

Asthma/
hayfever

No family history*
of atopic disease

12 (46%) 27 (30%) 39 (33%) 83 (34%)

Unilateral history* of

Asthma/hayfever 3 32 35 122

Atopic dermatitis 5 3 8 0

Both 4 16 20 9

Subtotal 12 (46%) 51 (56%) 63 (54%) 131 (54%)

Bilateral history* of

Asthma/hayfever 0 9 9 27

Atopic dermatitis 0 0 0 0

Both 2 4 6 3

Subtotal 2 (8%) 13 (14%) 15 (13%) 30 (12%)

TOTAL 26 (100%) 91 117 244

* Disease present in sib, parent, uncle or aunt, grandparent, or in some cases
great-uncle or great-aunt of parent(s) of proband.
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5.2.3 Leigh & Marley on asthma : These authors [1967] performed a
community based family study using the Weinberg genealogical proband method.
Subjects were recruited from two London practices (one being that of Dr John Fry)
serving relatively socially homogenous suburbs (lower-middle and working class).
All asthmatics from the smaller practice and a random sample of asthmatics from
the other were chosen as case probands (N=55) while a random sample of age-
sex matched (within 20 year age bands) non-asthmatics served as control
probands (N=55). All available first and second degree relatives of the probands
were then recruited into the study (250 1° relatives of cases and 201 of controls;
289 2° relatives of cases and 283 of controls). All probands and their immediate
families were examined by the investigators, and all subjects within 25 miles of
London were interviewed independently by a psychiatric social worker. Relatives
outside this distance were sent a questionnaire. Eleven eligible probands (3
asthmatic and 8 control) refused to cooperate (90% cooperation rate) while 24
asthma and 25 control probands were rejected from the study due to incomplete
information about relatives. More loss to followup of relatives of controls was found
(9% lost or uncooperative for asthmatics and 16% for controls); this was partly due
to the fact that more of the control families did not have a current address for 2°
relatives (33 v. 24).

Significantly more 1° relatives of asthmatic probands were diagnosed as
asthmatic than controls, but the risk to 2° relatives did not differ in the two groups
(Table 5.8). The authors gave a 31% risk of developing asthma by age 55 for 1°
relatives of asthmatics, and an 11% risk for 1° relatives of controls. The fact that
the ratio of prevalence in 1° and 2° relatives of asthmatics is greater than two
suggests the presence of nonadditive genetic effects, possibly epistasis in the
absence of age corrected data for parents and sibs.

Other more chronic respiratory conditions such as recurrent acute bronchitis
or chronic bronchitis were also increased in the relatives of asthmatics, but not
acute episodes of pneumonia or (acute) bronchitis. Asthmatic probands were more
likely to suffer both allergic and vasomotor rhinitis, as were their relatives (see
Table 5.9). The differences between 1° and 2° relatives were not significant
(allowing these two to be combined with an overall OR cases v. controls of 1.8
(95% CI=1.2-2.5). However, this is suggestive of confounding of some type (age?),
in that if there is a genetic component to hayfever, the risk should fall off with the
distance of the relationship. Removing cases diagnosed as vasomotor rhinitis did
not alter this picture.

Table 5.8 Occurrence of asthma in relatives of asthmatic and nonasthmatic
probands [From Leigh & Marley 1967].

Relationship Case group Control Group Odds Ratio

Parent 13% (11/84) 2% (2/79) 5.8 (1.2-27.1)

Sib 14% (18/132) 0% (0/97) 4-500*

Offspring 12% (4/34) 4% (1/25) 3.2 (0.3-10)

1° Relative 13% (33/250) 2% (3/201) 10.0 (3-33)

2° Relative 4% (11/289) 4% (12/283) 0.9 (0.3-2)
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* Lower limit using Cornfield method, upper using Haldane approximation.

Table 5.9 Occurrence of rhinitis in asthmatic and nonasthmatic probands and their
relatives [From Leigh & Marley, 1967].

Relationship Case group Control Group Odds Ratio

Proband 69% (38/55) 9% (5/55) 12.9 (4.5-37.4)

1° Relative 20% (51/250) 16% (33/201) 1.3 (0.8-2.1)

2° Relative 18% (51/289) 8% (23/283) 2.4 (1.4-4.1)
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5.2.4 Higgins and Keller on asthma and chronic bronchitis : This paper
arises from the Tecumseh (Michigan) Community Health Study. Results from
examination for respiratory disease in the families of all 9226 subjects (82% of the
total community population) were reported. Disease was diagnosed on
questionnaire and clinical criteria - chronic bronchitis using the MRC definition,
asthma as noted in section 1.1, and allergic rhinitis as: "reported hayfever, sinus
trouble or persistent runny or stuffy nose associated with -

(1) itching of eyes, nose or throat or burning, watering or redness of
eyes;

(2) exposure to allergens; and
(3) a physician diagnosis of hayfever or allergic rhinitis."

Spirometry was recorded for all subjects. Familial aggregation of diagnoses and
respiratory function were examined. Approximately half of the sample had both a
sib and a parent participating in the study, and 89% one or more first degree
relatives.

Significant parent-offspring correlations were noted for asthma, chronic
bronchitis and allergic rhinitis (see Table 5.10). Similar aggregation of diseases
was noted within sibships. There was no significant marital correlation observed.
Males exhibited a higher prevalence of chronic bronchitis, and asthma for ages
under 40 years. Age-sex-height standardised ventilatory function was also
correlated within families. Significant parent-offspring and sibling correlations were
observed, as well as a smaller marital correlation (approximately the same size as
the marital correlation for stature, 0.16). Statistical adjustment for covariates such
as disease and smoking status were not performed.

The relative risks for parent-offspring respiratory disease observed agree
well with those from other studies. The association seemed to be strongest for
children below the age of 40 years - an early onset for chronic bronchitis due to
cigarette smoking - however the exact numbers in each cell of the table were not
given. Numbers of children over 40 years of age were low, so possibly the pattern
of associations might have extended to the older group, but was not detected due
to inadequate power.

Table 5.10 Parent-offspring associations for chronic bronchitis, asthma and allergic
rhinitis [from Higgins & Keller 1975].

Condition Parental Male offspring (% of) Female offspring (% of)

Affection
Status

<16
y.o.

16-39
y.o.

40+
y.o.

<16
y.o.

16-39
y.o.

40+
y.o.

Chronic None nil 6.3 13.8 nil 2.0 6.9

Bronchitis 1 or 2 nil 17.3 16.7 nil 6.6 8.3

RR (p-o) 2.7* 1.2 3.3* 1.2

Asthma None 7.4 8.3 3.2 4.1 4.9 15.4

1 or 2 18.3 12.2 nil 11.7 13.0 10.0

RR (p-o) 2.5* 1.5 2.9* 2.7* 0.65

Hayfever None 3.4 12.4 17.4 2.9 14.9 29.6
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1 or 2 13.5 32.1 30.8 10.9 25.2 29.4

RR (p-o) 4.0* 2.6* 1.8 3.8* 1.7* 1.0

Number of subjects 779 660 105 1779 621 110

* Significant at 5% level.

5.2.5 Fergusson et al on asthma and eczema : These authors [1983]
describe the findings of the (New Zealand) Christchurch Child Development Study
on transmission of atopy in 1110 children and their parents. The families were
ascertained via a child born into the study cohort, and followed up on six occasions
until the child was four years of age. Health data were obtained by structured
interview, medical records and a health diary. Log-linear models which included
parental (mother and father not being separately identified in the model) and
proband asthma and eczema were fitted. Table 5.11 presents the crude relative
risks associated with various family types.

Asthma and eczema were unsurprisingly associated in the child, as they
were in the parents. For female children, although there was an association
between parental eczema and eczema in the proband, there was no such
association for asthma. For the males, where asthma tended to occur at an earlier
age, parental asthma was associated with asthma in the child. The separate first
order interactions for parental-offspring asthma and parental-offspring eczema were
thought to suggest specific transmission of each disease (in addition one would
presume to a general tendency to atopy).

Because families with one or two affected parents were not differentiated, as
were those families where one parent reported eczema and the other asthma from
those where the parent reported both, genetic hypotheses cannot be further
examined, and conclusions about the patterns of familiality of these diseases
should be made with caution.

5.2.6 Dold on atopic disease in German children : Dold et al [1992]
reported a similar study of 6665 schoolchildren (age 9-11 years) in Munich and
Bavaria. The questionnaire used (58 items) was based on the ATS-DLD. The end
points analysed were physician diagnosed asthma (or recurrent wheezy bronchitis),
allergic rhinitis/hayfever, and atopic dermatitis - either a physician diagnosis of
eczema, neurodermatitis, or "itching skin lesions in typical locations". The
cumulative incidence of asthma in probands with a least one sibling was 7.6%, of
allergic rhinitis 9.5%, and atopic dermatitis 19.5%. Rates were higher where the
parents smoked, or were better educated. The parent-offspring concordances were
almost identical to those obtained by Fergusson et al [1983], and I have tabulated
comparable results below (Table 5.12), which confirm transmission of specific
atopic conditions.
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Table 5.11 Four-year cumulative incidences and odds ratios for parent-offspring
and gender associations for asthma and eczema [adapted from Fergusson et al
1983].

Condition
Affection

status
Proband
Asthma

Proband
Eczema

Parental
Asthma

1 or 2 (N=202) 11.4% 30.7%

None (N=908) 5.9% 20.6%

OR (p-o) 2.0 (1.2-3.4) 1.7 (1.2-2.4)

Parental
Eczema

1 or 2 (N=249) 8.4% 32.5%

None (N=861) 6.5% 19.5%

OR (p-o) 1.3 (0.8-2.2) 1.7 (1.3-2.4)

Sex of
Proband

Male (N=560) 9.8% 22.3%

Female (N=550) 4.0% 22.5%

OR (Male sex) 2.6 (1.6-4.4) 1.0 (0.8-1.3)

No. of affected probands 77 (6.9%) 249 (22.4%)
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Table 5.12 Cumulative incidences and odds ratios for parent-offspring and gender
associations for asthma and eczema [adapted from Dold et al 1992].

Condition
Affection

status
Proband
Asthma

Proband
Eczema

Parental
Asthma

One (N=166) 15.1% 20.6%

None (N=3994) 6.4% 15.0%

OR (p-o) 2.6 (1.7-4.0) 1.5 (1.0-2.2)

Parental
Eczema

One (N=302) 6.3% 37.7%

OR (p-o) 1.0 (0.6-1.6) 3.4 (2.6-4.4)

Sex of
Proband
(in Atopy
families)

Male (N=1914) 7.8% 14.0%

Female (N=2080) 5.2% 15.9%

OR (Male sex) 1.5 (1.2-2.0) 0.9 (0.7-1.0)

No. of affected probands 77 (6.9%) 249 (22.4%)

5.2.7 Åberg : This massive questionnaire survey [1993] obtained
information on 19814 Swedish children and their parents (a 92% response rate).
As in other such studies, the mother was the informant in almost all cases. This
may explain a two-fold excess of atopy in mothers compared to fathers - urticaria,
eczema, hayfever and asthma ("one or more episodes of heavy breathing and/or
wheezing...not...explained by other disease"), as well as a marital correlation for
atopy. The odds ratios for atopy in the mother-child and father-child did not differ
significantly (Mother OR=2.8, 95%CI=2.6-3.0; Father OR=2.75, 2.5-3.0). There
was evidence similar to that above of trait-specificity in parent-offspring
association - the same-trait odds ratio being twofold higher than that for the pooled
odds ratio for other atopic traits. For example, for asthma in the parent and
offspring the odds ratio was 4.8, and for other atopy in the parent and asthma in
the child, 1.8.

5.2.8 Duffy and Mitchell on asthma and cough : In this paper [1993], I
analysed data collected in 1980 by Dr Mitchell on 4549 Queensland children (aged
7 years and 11 years). Again, the mother (usually) completed the questionnaire,
on this occasion the TAFQ. Mothers reported a history of wheeze for themselves
more frequently than for the father. Frequent wheezing (every three months or
more often) was predicted by a history of maternal wheeze - OR=4.1 (95%CI=2.9-
5.9), and to a lesser extent by paternal wheeze (OR=2.4, 95%CI=1.6-3.4), while
hayfever was a less stronger predictor (OR=1.7, 95%CI=1.2-2.4). We could not
demonstrate a gradient of severity within probands with an increasing number of
parents affected (Table 5.13), which I interpret as evidence against a multifactorial
threshold model. Such a gradient was demonstrable for the risk of frequent cough
(in children with no history of wheeze), where we also noted that a parental history
of "frequent bronchitis" was a stronger predictor than parental wheeze. It is
interesting to compare the first line of results in Table 5.13 with those found by
Åberg [1993] for atopy (nil atopic parents, 18% of offspring atopic; one, 38%; two,
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52%).

5.2.9 Sibbald on asthma and bronchitis : Sibbald, Horn, Brain and Gregg
[1980] reported results of a Weinberg proband concordance study on asthma and
skin atopy that examined the nuclear families of 77 asthmatic and 87 nonasthmatic
children. The children were selected from the patients of a single general practice
in south-west London. Children with a history of solely RTI-associated wheeze
("wheezy bronchitis") were excluded from the study. Skin atopy to a number of
common allergens was measured in all probands and in all accessible relatives.
Atopy was defined as one or more reactions 2 mm (2 cm in the text) in diameter
("in the absence of any equivalent reaction in the control solution"). Asthma in the
probands was diagnosed by clinical examination, while the presence of asthma,
hayfever and eczema in relatives was diagnosed by interview and examination of
medical records.
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Table 5.13 Frequency of episodes of wheeze in children tabulated by number of
natural parents with past history of asthma or wheezing (Trend χ2

1=1.15, P=0.28).
From Duffy and Mitchell [1993].

Number of Affected Parents

None One Both

Ever Wheeze 396 [15.4]* 358 [35.9] 81 [47.1]

One or more
attack per month 46 (11.6)† 54 (13.2) 10 (10.9)

One attack per
3-12 months 132 (33.3) 121 (33.8) 29 (35.8)

Less than one
attack per year 218 (55.0) 183 (51.1) 42 (51.8)

*Square brackets denote percentage of all children from mating type (Unaffected ×
Unaffected, Affected × Unaffected, or Affected × Affected).
†Round brackets percentage of affected offspring of mating type.

The mean age of the probands was 6.3 years (asthmatics 7.1 y, controls 5.6
y). Asthmatic probands had an increased risk of hayfever, eczema, skin atopy, and
family history of asthma than did the controls (see Table 5.14). The prevalence of
asthma in the relatives of atopic asthmatics was slightly higher than that among
relatives of nonatopic asthmatics (see Table 5.15), but this difference was not
significant. The authors also noted that "in relatives of asthmatics, the prevalence
of atopic asthma exceeded the prevalence of nonatopic asthma, irrespective of the
atopic status of the proband", but this difference also was not significant at the 5%
level (χ2

2=4.88, P=0.09 compared to distribution in control families).
There was a marginally significant difference in prevalence of skin atopy as

defined in this study in relatives of atopic asthmatics compared to all controls (see
Table 5.16). Closer examination reveals that this is due largely to the relatives of
the nonatopic controls, where the prevalence is significantly lower than that for the
relatives of the atopic asthmatics. The difference between risk to relatives of atopic
and nonatopic asthmatics is almost significant (z=1.75, P=0.07), but the small
number of nonatopic asthmatics in the study prevents more being made of this.

In the conclusion, the authors comment that the results agree well with those
of Marley & Lewis [1967]. They interpreted the fact that recurrence risk of atopy
was not associated with asthma status of the proband as suggesting that asthma
and atopy are inherited independently, but that atopy increases the risk of
expressing the asthmatic trait. Since the prevalence of skin atopy was high in the
controls (44%), compared to that obtained in population surveys, they warned
against overinterpretation of the data with respect to atopy.

The increased risk of asthma in parents compared to that in siblings might
be due to the young age of the probands and thus presumably siblings, combined
with a continuing incidence rate at later ages. Another explanation might be a
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cohort effect, but this would be in the opposite direction to the secular increase in
asthma incidence usually reported. A further point to note is the exclusion of
"wheezy bronchitis" from the study group, which presumably was also extended to
the relatives, as no data for this entity were presented. Inclusion of RTI associated
wheeze in the analysis might have shed a different light on the difference in
asthma rates in the parents and children, as well possibly on the nonatopic versus
atopic dichotomy.
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Table 5.14 Prevalence (fraction) of asthma in relatives of probands and recurrence
risks (odds ratio) of atopic (OR1) and nonatopic asthma (OR2) compared to all
controls [Adapted from Sibbald et al 1980].

Type of
Relative

PROBAND AFFECTION STATUS RECURRENCE RISK

Atopic
Asthma

Nonatopic
Asthma

Atopic
Control

Nonatopic
Control

OR1
(95% CI)

OR2
(95% CI)

Parents 18%
(23/128)

15%
(4/26)

3%
(2/76)

5%
(5/98)

5.2
(2.2-12.6)

4.3
(1.2-16.0)

Siblings 9%
(11/124)

4%
(1/26)

4%
(2/53)

3%
(2/75)

3.0
(0.9-9.8)

1.2
(0.1-11.6)

1°
relatives

13%
(34/352)

10%
(5/52)

3%
(4/129)

4%
(7/173)

2.8
(1.4-5.7)

2.8
(0.9-8.5)

Table 5.15 Prevalence of types of asthma in 1° relatives of atopic and nonatopic
asthmatic probands [from Sibbald et al 1980].

Type of
Asthma in 1°

relatives

Proband affection status Association

Atopic
Asthma

Nonatopic
Asthma

Atopic
Control

Nonatopic
Control

OR1
(95% CI)

OR2
(95% CI)

Atopic 10%
(10)*

14%
(2)

3%
(1)

3%
(2)

3.7
(1.0-13.9)

5.6
(0.8-37.0)

Nonatopic 3%
(3)

0%
(0)

3%
(1)

3%
(2)

1.0
(0.2-5.2)

1.2†
(0.1-26.3)

Total 101 14 35 69

* Percent (number).
† Using 0.5 to replace 0 in one cell.
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Table 5.16 Prevalence of skin atopy in 1° relatives of asthmatics and controls
[from Sibbald et al 1980].

Type of
relative

Proband affection status Association

Atopic
Asthma

Nonatopic
Asthma

Atopic
Control

Nonatopic
Control

OR1
(95% CI)

OR2
(95% CI)

Parents 61%
(34/56)

38%
(3/8)

55%
(11/20)

45%
(18/40)

1.6
(0.8-3.4)

0.6
(0.1-2.9)

Siblings 60%
(27/45)

33%
(2/6)

60%
(9/15)

38%
(11/29)

1.8
(0.8-4.2)

0.6
(0.1-3.7)

1°
relatives

60%
(61/101)

36%
(5/14)

57%
(20/35)

42%
(29/69)

1.7
(1.0-3.0)

0.6
(0.2-2.0)

5.2.10 Kuehr et al on specific allergy : This interesting study looked at
parent-offspring concordances for specific allergen sensitisation in 302 German
nuclear families [1993]. Asthma or hayfever was present in 16% of the children
(age 7-16 years of age), and approximately the same proportion of the parents
(median age 40 years). The prevalence of skin atopy (a positive response to SPT
for D pter, cat, mixed grass, or birch pollen) was 39% of children and 27% of
parents - in keeping with their respective ages.

In logistic regressions, maternal atopy was a stronger risk factor for
sensitisation in the child than paternal atopy. In the cases of grass, birch and cat,
maternal sensitisation to that allergen was significantly associated with sensitisation
in the child to that allergen (OR=2.5-4.1; for D pter, OR=1.8), when adjusted for
positivity to any of the remaining three allergens. Positivity to any of the other
three allergens was a significant associate for grass, birch and D pter (OR=2.7-
3.7), but not cat (OR=1.6). I would prefer to see analyses using all four allergens
in the mother simultaneously - presumably the numbers were too small. In
addition, the marital correlation for atopy was not described - this might fuel shared
environmental hypotheses for these findings. The alternative hypothesis is of a
Carter effect, or a maternal effect - such as transplacental sensitisation of the fetus.

5.2.11 Smith & Cadoret on asthma and rhinitis : This is the only adoption
study of atopic disease that I am aware of [1990] (although data has been collected
on allergic disease as part of the Colorado Adoption Project). The prevalence of
asthma and allergic rhinitis in subjects adopted into an allergic family (114 out of
230 studied families) was compared to that in probands from 73 "allergic" families
whose mode of ascertainment was not described. Diagnosis was made by
questionnaire (based on the WHO questionnaire, which closely follows the ATS-
DLD-78).

Asthma was more common in adoptees than natural children (OR= 1.5, 95%
confidence interval 0.7-3.3), while atopy was more common in the natural offspring
of allergic families (OR=1.4, 0.8-2.6). The sample size means the power to detect
a 2.5 fold increase in risk for atopy would be 80%, so either the recurrence risks
reported in some of the studies examined above are largely due to shared
exposure to environmental factors as well as shared genes, or some form of
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confounding is present. Since many of this study’s details are unknown, this point
cannot be further addressed.

5.2.12 Mrazek, Pauls et al on asthma : Segregation analyses using
POINTER of 145 families ascertained via a female asthmatic proband were
reported in abstract form by these authors [1989]. The environmental model was
rejected. Under the polygenic model the heritability was 0.96 (ASE=0.05). Neither
the solely polygenic and monogenic models fitted significantly better than the mixed
model, but the likelihood for the monogenic model was higher, so this was chosen
as the preferred model. A recessive inheritance was found to best fit the data, with
a homozygote penetrance of 62%, and 1% for the other genotypes, a gene
frequency of 0.22, and a proportion of phenocopies estimated at 17%. This gave a
population prevalence for asthma of 3.5%.

5.2.13 Manjavidze et al on allergy : This Russian study [1990] entailed
study of the families of 225 allergic probands (age 6 months to 6 years) and of
1545 unselected age matched controls. As usual, the fully penetrant Mendelian
hypotheses were rejected. The authors concluded that either a multifactorial or a
single low penetrance dominant gene could explain the segregation patterns
observed.

5.2.14 Conclusions : The most striking feature that I note is the
consistency of the findings in several different countries and populations. The most
attractive example of this is found by comparing Fergusson et al [1983] with Dold
et al [1992]. Another is the ratios comparing recurrence odds in first degree
relatives of asthmatics and nonasthmatics (Figure 5.1).

Figure 5.1 Odds ratios and 95% CI
for recurrence of asthma in relatives of
cases and controls.

76



5.3 Bronchial hyperresponsiveness

5.3.1 Townley, Elston on bronchial responsiveness : Townley and
coworkers [1986] reported the results of a complex segregation analysis, using the
method of Elston and Stewart, designed to detect a major gene determining
bronchial responsiveness. The study was undertaken specifically to examine
previously mentioned bimodal distribution of bronchial responsiveness in relatives
of asthmatics, a finding consonant with the effects of a dominant major gene. The
subjects used were 83 families from the Natural History of Asthma study. The 51
group Ι families (467 individuals) were ascertained via an asthmatic proband (age 6
to 25 years), while the 32 Group ΙΙ families (N=291) were ascertained through
nonatopic individuals. Most (26 families) of the Group ΙΙ families were selected by
the additional criterion that there was no history of atopic disease in three
generations. Six families were ascertained through probands carrying the PiZZ α-
1-antitrypsin genotype. In the latter case, the authors have not stated if these were
asthmatics or not. This is germane as there is a reported excess of asthma in the
relatives of homozygotes.

Methacholine provocative testing was performed using the two protocols
used by this group. The resulting methacholine area-under-curve for 35% drop in
FEV1 (Area35) were regressed on age, sex and recent respiratory tract infection.
Other measures such as skin atopy were not included in the analyses. Correction
for ascertainment was made using an exponential model:

5.1

Both Area35 and age standardised (regressed on age and age2) Area35 were
examined in the segregation analysis using a sex-limitation model.

Methacholine area exhibited a bimodal distribution for the Group Ι families,
as did the Group ΙΙ families to a lesser extent. The Mendelian and environmental
models were fitted separately to each group of families. In both groups the
Mendelian hypothesis was rejected, as was the (random) environmental hypothesis
(see Table 5.17).
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Table 5.17 Likelihood ratio χ2 tests for Mendelian and environmental hypotheses
for segregation of methacholine response tested under Elston & Stewart model
[from Townley et al 1986].

Hypothesis
Unadjusted for Age Adjusted for Age

Group Ι Group ΙΙ Group Ι Group ΙΙ

Genetic:
τAA=1; τAa=0.5;
τaa=0 †

χ2 256.75 38.51 203.17 29.10

df 3 2,3* 3 3

Environmental:
τAA=τAa=τaa

χ2 6.33 17.75 6.25 11.16

df 2 1,2* 2 2

* On bound.
† τAA is the transmission probability for A from the parental genotype AA.

A further analysis of the Group ΙΙ families excluding those with a history of
RTI in the previous month was again marginally more supportive of the
environmental hypothesis (χ2

2=4.86; P=0.09) than the Mendelian hypothesis
(χ2

1,2=5.93, P=0.05), but the sample size is smaller (exact size not stated).
The authors concluded that there was evidence for familial aggregation of

methacholine response, but that this was not due to a single gene, and may have
been due to shared family environment. The latter possibility in the Group ΙΙ
families may have been due to familial transmission of viral RTI, as suggested by
the results obtained after excluding those reporting such an event. There was a
further fault in the analysis, in that the genotypic means for Group Ι and Group ΙΙ
families were different, suggesting that inadequate ascertainment correction, or the
strict selection of Group ΙΙ families, had biased the results.

A number of other criticisms could be made of this study. Firstly, it would
seem sensible to have included a measure of atopy in the analysis - skin prick test
data has been presented by Townley’s group in most of their other publications
from this ongoing program of research, including their twin study of asthma [Hopp
et al 1984; see below]. Atopy is strongly associated with bronchial
hyperresponsiveness, and of course is genetically determined. Similarly, other
forms of genetic analysis may have been profitably applied to the data, such as
path analysis or the mixed model. In view of the heritability estimates these
authors had obtained for bronchial responsiveness in their earlier twin study, some
extension would have been doubly warranted.

5.3.2 Longo et al: This is one of a number of small studies that have
confirmed the existence of the earlier mentioned bimodal distribution of bronchial
responsiveness in the relatives of asthmatics. Longo et al [1987] examined
bronchial responsiveness to carbachol, skin atopy and total sIgE level in 50
asthmatics, the nonasthmatic parents of 40 asthmatics, and 70 nonasthmatic,
family history negative controls. No subject had suffered a RTI in the previous six
weeks. Bronchial responsiveness was measured as a percentage: the numerator
being area-under-curve of the dose response curve (percentage fall FEF25-75 versus
volume of breath units of carbachol 0.1 mg per 10 l inhaled); denominator a 50%
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fall FEF25-75 multiplied by 80 vital capacity breath units. Skin atopy was defined as
a 3 mm or greater response to any of six common allergens.

Bronchial responsiveness exhibited a bimodal frequency distribution in the
control group, and even more so in the parents of asthmatics. A unimodal skewed
pattern was found for the asthmatics. Bronchial hyperresponsiveness was
diagnosed in 10% of the controls, 50% of the parents, and 100% of the asthmatics,
using the authors’ usual cutting value of 60%. There were no sex differences in
the parents. BHR was absent in only 6 of the 40 sets of parents of asthmatics.
Skin atopy (OR=1.1, 95%CI=0.5-2.5) and sIgE level (OR=0.7, 95%CI=0.3-1.7) did
not discriminate between the hyperresponsive and normal parents or controls (see
Table 5.18).
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Table 5.18 Bronchial responsiveness and atopy [from Longo et al 1987].

Test
performed

Hyperresponsiveness

present absent

Prick test + 10 21

- 37 82

sIgE >100IU/ml 8 23

<100 IU/ml 39 80

5.3.3 Hopp et al: This study [Hopp et al 1988] examined similar data to
that just described, measuring bronchial responsiveness, skin atopy and sIgE level
in the nonasthmatic parents of 31 asthmatics. Again, a bimodal frequency
distribution was exhibited for bronchial responsiveness, allowing the sample to be
divided into a low-minimal responsiveness and a marked-moderate responsiveness
group. These groups did not differ in terms of age, sex ratio, aggregate skin atopy
score, sIgE level, recent RTI or smoking status.

5.3.4 Bruderman et al: Bruderman, Cohen, Shachor and Horowitz [1987]
reported similar findings in a study of 28 parents of asthmatic children, and a
smaller number of controls. Allergic rhinitis was present in 9 of the 28, and 3 of
these reported dyspnoea accompanying episodes of acute rhinitis. All underwent a
methacholine provocation test.

Decreased FEF50 or FEF75 was present in a number of the parents. The
subjects were divided into an group with diminished resting lung function or rhinitis
(N=17), and a normal group. These groups differed significantly on methacholine
provocation, with the first group having a PD25%∆SGaw of 0.17 mg Mch and the
second group a PD25 of 1.3 mg Mch. The three rhinitics who gave a history of
episodic dyspnoea subsequently developed full blown asthma; they exhibited
greater bronchial responsiveness than the other subjects.

Bruderman, Cohen and Schachter [1990] have also presented the results of
a study of 24 nonasthmatic children of asthmatic parents (and 7 control children).
Again, methacholine provocation was performed. All but three of the children of
asthmatic parents demonstrated bronchial hyperresponsiveness with a mean
PD35%∆SGaw of 2.2 mg Mch. A subgroup of 13 hyperresponsive children (8 with skin
atopy, 5 without) were then treated for 6 weeks with cromoglycate via metered
aerosol. Bronchial responsiveness decreased significantly in the atopic children
treated with cromoglycate, but not in the nonatopic children.

The authors combine the results of these two studies to argue that
asymptomatic bronchial hyperresponsiveness occurs in the relatives of asthmatics,
is associated with atopy but can occur in its absence, improves with asthma
therapy, and might develop into late onset asthma with time. These results are
very suggestive, but again numbers are small.

5.3.5 Clifford et al: In this study [1987], bronchial responsiveness (protocol
of Yan et al) was measured in 29 offspring of an asthmatic parent (the other being
nonasthmatic) and 30 parents, skin atopy (3 allergens) in 32 pairs, and
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questionnaire data was collected from these and a further 18 parent-offspring pairs.
These results were compared to data from the authors’ population based bronchial
responsiveness survey for children of the same age (7 years). Parent-offspring
pairs had been recruited for a parental history of asthma through a previous study
carried out in an antenatal clinic (50% response rate to the questionnaire, and 30%
to clinical phase).

The mean age of the children was 6.4 years. There were 10 children who
had previously been diagnosed as having asthma. Nocturnal and diurnal
dyspnoea, cough and morning tightness was more common in the children (66%)
than the population controls, but not wheeze (!). Bronchial hyperresponsiveness
(defined as a PD20 <6.4 µmol Mch) was present in 93% (26/28) of the parents and
45% (13/29) of the children. The population prevalence of bronchial
hyperresponsiveness was 29.4% (not significantly different from the offspring
results). While 88% (28/32) of the parents exhibited one or more positive skin prick
test results (wheal diameter>3 mm), this was present in only 19% (6/32) of the
children. In the control group the prevalence of skin atopy was 24.5%. Bronchial
responsiveness was significantly associated with skin atopy in the children (5/6).
Of the 8 nonatopic offspring with bronchial hyperresponsiveness, 6 reported
respiratory symptoms. Concluding, there are weaknesses associated with this
study, especially with respect to self selection for significant symptoms as a bias.

5.3.6 Verity et al: Verity, Vanheule, Carswell & Hughes [1984] undertook a
sib-pair study of bronchial responsiveness and skin atopy using 75 index asthmatic
children and 75 siblings, a number of whom also suffered from asthma. All
underwent an exercise provocation test (6 minutes on a treadmill running at a pace
associated with a heart rate of 160 bpm), and skin prick testing with 5 common
allergens.

The median age of the subjects was 9 years. A history of asthma was
present in 15% of the siblings and wheezy bronchitis in a further 15% (total 15/37
boys and 8/38 girls). A parental history of atopy was elicited in 44% of the pairs,
and a history of an affected sibling of the index case in 53%.

If a 10% drop in peak flow was taken as a positive exercise provocation test,
83% of the index cases were positive, as were 54% of the male siblings and 26%
of the female siblings (P<0.05). Only half the positive siblings gave a history of
wheeze, however. Skin atopy (one or more wheals greater than 3 mm diameter)
was not significantly associated with bronchial hyperresponsiveness. Skin atopy
was present in 15/30 siblings with positive exercise test, and 28/45 sibs with normal
reactivity (P=0.3). No sex differences were noted for either sibling skin atopy or
bronchial hyperresponsiveness, though the male index cases exhibited larger mean
wheal diameter for house dust mite allergen than did the females. In conclusion, a
male preponderance for bronchial hyperresponsiveness was not associated with an
excess of skin atopy; skin atopy overall was not associated with
hyperresponsiveness.

5.3.7 Conclusions : Firstly, the bimodal distribution of bronchial
responsiveness is a real entity. However, this is probably not independent of skin
atopy, and how this occurs in the relatives of asthmatics. This is because most
large community based studies have shown that skin atopy is positively correlated
with bronchial responsiveness (albeit not strongly), and because asthma and atopy
coaggregate in families. In view of either small sample size, inability to allow for
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age confounding, or failure to include atopy as a covariate [Townley et al 1986], it
cannot be stated with any certainty that family factors other than "atopy genes" are
operating.

5.4 Serum immunoglobulin E

5.4.1 Marsh, Bias, & Ishizaka on IgE and SPT: This in many ways pivotal
paper [1974] described analyses of total sIgE level and skin atopy in samples of
unrelated atopic subjects and 28 nuclear families (56 parents and 108 children)
ascertained via an index child in each family allergic to grass and/or ragweed
pollen. Blood samples were collected out of pollen season in the majority of cases
and quantitative intradermal skin testing performed. The distributions of log
transformed total sIgE level (logIgE) in the 205 unrelated atopics were compared to
those found in a control group of 106 nonatopics, and a discriminating threshold of
95 U/ml chosen, in good agreement with previous reports [Gleich et al 1971]. This
was used to dichotomise the family members into low and high IgE producers.

Examination of the various mating types was found to be consistent with an
autosomal recessive pattern for high IgE, confirming the findings in the authors’
pilot family study (see Table 5.19). The gene frequency for the high IgE allele was
estimated from population data at 0.52, and 0.55. The frequencies of the mating
types were consistent with this, given the method of ascertainment (χ2

2=1.21). An
approximate expectation for number of completely unaffected families (mating types
rr × rr and rr × rR and 50% of rR × rR - taking mean number of offspring as two)
in the general population under this model is 40%.
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Table 5.19 Mating types and affection status of offspring (high or low sIge)
arranged for recessive hypothesis [from Marsh et al 1974].

Mating type No. of
families

No. of
children

No.
affected

Expected
No.*

At least one offspring with high IgE

Low × Low 10 41 18 15.3

Low × High 9 31 21 17.5

High × High 5 25 25 25.0

No offspring with high IgE

Low × Low 1 2 0

Low × High 3 9 0

* Under fully penetrant autosomal recessive hypothesis.

The concordance of skin reactivity to specific allergens and HLA haplotype
was then examined in sibling pairs. No significant differences in concordance at
the differing number of haplotypes shared were found. Concordance was
increased by contrast when the IgE levels in each sib were both high. This
suggested that any association between HLA type and reactivity to specific
allergens was far less important than the gene controlling overall IgE
responsiveness (but see below).

5.4.2 Turner et al on IgE in Busselton : As part of the Busselton
Children’s survey, data on the occurrence of atopic disease (N=1598) and sIgE
level (N=1061) were collected [1974]. Parental disease status and sIgE was
available for 555 of these. The diagnoses of asthma, hayfever, wheezy bronchitis
and eczema were made by single questionnaire items (eg "Has the child ever had
asthma?").

A history of wheeze was present in 20% of children and 28% (20%) of adult
men (women). Hayfever was reported for 10% of children and 20% of adults. sIgE
was elevated in both children and adults suffering wheezing or hayfever. The odds
ratio for parent-offspring transmission of wheeze was 1.7 (95%CI=1.2-2.2) and for
hayfever, OR=2.4 (95%CI=1.8-3.4). There were no effects of parental sex (LR
χ2

2=2.1 for wheeze, 0.6 for hayfever). There were correlations between parents
and offspring sIgE levels (unfortunately only Spearman rank correlations were
presented - Table 5.20). The authors interpreted the fact that cross-sex parent-
offspring correlations for sIgE were higher than same-sex correlations as
suggestive of X-linked inheritance. A similar pattern of correlations was found by
Lebowitz et al [1974], and the spousal correlation by Meyers et al [1986] (see
below).

Table 5.20 Familial correlations (Spearman rank) for IgE. All correlations above
0.1 are significant at α=0.05, save that for sister pairs [from Turner et al 1974].
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F M S D

Father IgE 1.00

Mother IgE 0.11 1.00

Son IgE 0.04 0.12 0.19*

Daughter IgE 0.16 0.08 0.22 0.14*

* Correlation between siblings

5.4.3 Lebowitz, Barbee & Burrows on IgE and SPT: This study [1984]
was part of the Tucson Epidemiology Study of Airway Obstructive Disease. A
representative stratified sample of 344 nuclear families (N=1359 individuals)
completed the ATS-DLD-77. Total sIgE level was determined for 90% of all
subjects, and skin prick testing (to 5 locally important antigens and antigen
mixtures) performed on 95%. A skin test index weighting wheal size and allergen
importance was calculated. MANOVA was the main method used for the genetic
analyses.

Parental history of medically diagnosed asthma was associated with an
increased risk of asthma in the offspring, with a relative risk of 3.5 (95% confidence
interval 2.0-6.2). A weaker relationship was noted for wheezing. An unusual
feature of their analysis was to perform stratified analyses of parent-offspring
association for asthma and "allergic" rhinitis, showing that specific associations for
asthma and rhinitis independent of one another existed. Similarly log transformed
total sIgE level (logIgE) in children was correlated with the parental levels, though
variably (see Table 5.21). Parental logIgE levels were positively correlated with
cigarette use (50% of fathers and 38% of mothers were smokers). When parental
logIgE was adjusted for the presence of smoking, this removed any effects of sex.
An individual’s logIgE and skin test index were highly correlated (size not stated).

Table 5.21 Intraclass correlations for logIgE between parents and offspring [from
Lebowitz et al 1984].

Parent Child r N

Father Son 0.09* 115

Daughter 0.28 97

Mother Son 0.30 132

Daughter 0.13* 119

* P value>0.05

ANOVA analyses for various pairs of relatives were performed but not
presented. It was noted that the most significant results were from the sib pairs.
ANOVA with the children’s logIgE as the dependent variable and age and smoking
status entered as covariates confirmed that parental logIgE was a significant
covariate of offspring logIgE, and that parental skin atopy was not a significant
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independent covariate. However, only 21% of the variance of the offspring logIgE
was explained. With the child’s skin test index as dependent variable, 26% of the
variance was explainable using the parents logIgE and skin test results - with
significant main effects for paternal skin atopy and maternal logIgE, and significant
terms for interaction between skin reactivity and logIgE for both parents.

In the discussion, the authors comment that "It was not possible to
determine the specific forms of genetic inherence [sic] in the manner of Rao et al
[1980; see below] or Elston & Stewart [1971]". They note that the concordance
among siblings might suggest either shared sibling environment or a genetic "factor
of penetrance ... associated with polygenic factors", such as dominance or
epistasis.

5.4.4 Meyers, Marsh and others on IgE: This group has performed a
number of genetic studies on sIgE and skin atopy, including molecular genetic work
described below; three were segregation analyses of sIgE in Amish and Mormon
pedigrees. In another study [1986], they performed discriminant and regression
analysis of the correlations observed between members of 42 nuclear families
(N=278 individuals).

Families were randomly ascertained through a parent who was enrolled in
an ongoing cohort study of Westinghouse Electric Corporation workers (N=2097),
and then further selected for large size. Skin prick testing (9 common allergens),
total sIgE levels, HLA phenotype and other blood groups were determined. In 230
cases, sIgE was determined on two occasions. An allergen index was calculated
for the skin prick test results, based on the wheal size and importance of the
allergen.

The log transformed total sIgE level (logIgE) was normally distributed within
each sex, with the mean value for males was higher than that of females. The
test-retest correlation for logIgE was 0.97. Because of the mean age of the
subjects (28 years), there was no age related fall off in sIgE, save in skin test
positive females (r=-0.44). Skin atopy (as defined by the Allergy Index) was
present in 35% of individuals, in 42% of males, and 27% of females. The
distribution of the 97 positive Allergy Index values was also normally distributed. In
13 families, no member exhibited skin atopy. The correlation between basal (ie out
of pollen season) logIgE and Allergy Index was 0.48. For the genetic analysis, the
logIgE was age-sex standardised, and intraclass correlations calculated for the
various relationships (see Table 5.22.

Table 5.22 Familial correlations for logIgE and Allergy Index [from Meyers et al
1986].

F M O

Father logIgE 1.00

Mother logIgE 0.33** 1.00

Offspring logIgE 0.33 0.29 0.43*

* Correlation between siblings
** P=0.05, all other correlations P<0.05
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F M O

Father AI 1.00

Mother AI 0.22** 1.00

Offspring AI 0.17** 0.16** 0.43*

* Correlation between siblings
** P>0.05

The logIgE was positively correlated between different members of the
family, including a marital correlation of marginal statistical significance. By
contrast, only the sibling correlations achieved significance for the Allergy Index. A
child in 39 families was then chosen as an index case, and a discriminant analysis
performed to determine how accurately the index case’s Allergy Index was
predicted from his or her logIgE, and from the values from other members of the
family. The presence or absence of skin atopy was correctly classified in 82% of
cases by using the index logIgE. Classification using the siblings’ mean Allergy
Index was correct on 74% of occasions, and sibling and parental logIgE correct on
72%. Parental logIgE predicted correctly on only 54% of occasions overall. The
same pattern of results was confirmed on stepwise multiple regression.

This study reports what must be regarded as preliminary results. Little
discussion was made of the stronger correlations observed for siblings compared to
the parent-offspring correlations, save to mention the possibility of sibling shared
environment; no mention was made of genetic dominance as a possible
explanation. The discriminant analysis was less informative but made use of the
same information as would a comparable path analysis.

Meyers et al [1987] describe MVN variance components and mixed-model
segregation analysis (PAP) of age-sex standardised logIgE among these subjects.
The best fitting path model contained a parent-offspring correlation (modelled as an
additive genetic component of variation, χ2

1=18.2), and a marital correlation
(parental common environment, χ2

1=8.0). The narrow heritability was thus 31%
(95%CI=7-55%). In the segregation analysis, the mixed model was superior to
both the polygenic and single major gene models. Under this model, a recessive
gene with increasing allele (A) frequency 0.97 (µAA=98 IU/ml; µAB=µBB=3 IU/ml)
explained 18% of the variance, and polygenes the remainding 19%.

A reanalysis of this data using a Class D regressive model [Meyers et al
1991] which included age, sex and allergy index as a covariate, reached essentially
the same conclusion. The best fitting model was the high frequency autosomal
recessive (single distribution with marital, parent-offspring and sib-sib correlations,
LLik=-479.1; two distributions, free τ’s, residual correlations, LLik=-473.6; two
distributions, Mendelian τ’s, residual correlations, LLik=-474.4). For this model,
P(A)=0.99, µAA=153, µAB=µBB=3. This work then supports a rare dominant
decreasing gene.

In an earlier paper, Hasstedt, Meyers and Marsh [1983] reported the results
of complex segregation analysis of total sIgE level in five pedigrees (N=316
individuals) ascertained through strong histories of familial breast cancer (including
the family described by Gardner & Stephens 1950). The study’s main aim was to
examine the relationship between atopy and the putative protection it gives against
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cancer (see above). Serum for determination of total sIgE level was collected on
two occasions. As usual age-sex standardised log transformed sIgE levels were
used for analysis (logIgE). Complex segregation analysis was performed using
PAP.

The mean sIgE levels of the cancer probands did not differ significantly from
that of the other family members. The polygenic model fitted significantly better
than the "sporadic" random environment model (see Table 5.23), giving a
heritability estimate of 61% (95% confidence interval 40-82%). The major gene
models were also significantly better than the sporadic model, but no particular
mode of inheritance was preferred. The codominant model gave rise to a predicted
gene frequency of 50%, midway between that posited in the dominant and
recessive models - the authors suggest that this was a consequence of fitting these
models to a polygenic trait. The fit of the mixed models was significantly better
than that of the monogenic models, with polygenic heritability explaining a
significant proportion of the variance. These were not significantly superior to the
unadorned polygenic model.

In concluding, Hasstedt et al suggested that the differences in mechanism of
inheritance found in the various studies in this area might be due to the timing of
blood sampling. If sIgE level was determined on a sample collected during a pollen
season, the values of atopic subjects would be higher than that of nonatopic
relatives, leading to a bimodal commingled distribution, as detected by Gerrard et
al [1978]. For the study under discussion, the samples were collected throughout
the year, and unfortunately tended to occur at the same time of the year for
members of the same family.
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Table 5.23 Likelihood ratio χ2 for genetic models considered by Hasstedt et al
[1983].

Model χ2 df p

Sporadic 0.00

Polygenic 9.24 1 0.00

Monogenic recessive 6.71 2 0.04

Monogenic dominant 7.01 2 0.03

Monogenic codominant 8.71 3 0.03

Mixed recessive 9.80 3 0.02

Mixed dominant 10.08 3 0.02

Mixed codominant 10.09 4 0.04

The paper by Meyers, Bias and Marsh [1982], describes complex
segregation analysis of total sIgE level in 23 Pennsylvania Amish nuclear families.
These were randomly selected. There was a total of 208 individuals and 14 of the
families came from two extended kindreds and were so analysed. Individuals were
designated as non, slightly, moderately or severely allergic using interview data.
Skin prick testing was performed using 4 (mixed) extracts, and total sIgE level was
determined on one occasion. The analysis was performed under the Elston and
Stewart model using the program GENPED. As usual, the log transformed age-sex
standardised total sIge level was used. Month of blood collection was examined
and found not to contribute to variation in level.

There were 46 individuals (22%) with moderate or severe allergic symptoms.
Only 32 subjects underwent skin atopy testing. Only 5 out of 11 "moderately"
allergic subjects demonstrated any skin atopy. Though this differed significantly
from the results for the nonsymptomatic subjects, predictive value was not high.
This was thought to be due to a low prevalence of sensitisation to the usually
important allergens that were used in testing; many allergic subjects reporting
symptoms provoked by "barn dust" (?storage mites). Commingling analysis was
performed; one distribution was found to be an adequate description of the
frequency distribution of logIgE values. In the segregation analysis, the (random)
environmental model was clearly rejected. The Mendelian models gave rise to
overlapping phenotypic values. A good fit was found for the recessive (for high
sIgE) model when compared to the equivalent unrestricted model, a poorer fit for
the codominant model, and worse still for the dominant model (see Table 5.24).
Some difficulties were met with parameters converging on their bounds. The
authors then compared each dominance model (both Mendelian and unrestricted)
with the unrestricted codominance model. In this case the codominant model was
preferable.

The authors concluded that genetic factors were again seen to be important
but that evidence for a major gene in their data was unsatisfactory.
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Table 5.24 Likelihood ratio χ2 for genetic models considered by Meyers et al
[1982].

Model χ2 df p

Unrestricted (recessive) 0

Environmental 32.41 1,2* 0.00

Recessive 2.25 2,3* 0.52

Unrestricted (dominant) 0

Dominant 10.23 3 0.02

Unrestricted (codominant) 0

Codominant 8.84 2,3* 0.03

Dominant 9.20 2 0.01

Recessive 8.47 2 0.01

* One or two parameters on bound.

5.4.5 Gerrard, Rao & Morton on IgE: These authors [1978] reported the
results of path and complex segregation analyses (under the mixed model) of total
serum IgE level in 173 Canadian nuclear families. Most (145) of these families
were ascertained through a proband born at University Hospital, Saskatoon who
had been under the care of a pediatrician, and were a fairly representative sample
of the population. The original paper states that the remaining 28 families were
recruited because of a high prevalence of atopic disease, but this is specifically
corrected in a later reanalysis [Rao et al, 1980]. Serum was collected from the
parents (N=336) and children (N=435) and total serum IgE, IgA, IgG and IgM levels
were measured. The log-transformed sIgE was adjusted for age and sex. sIgG,
sIgA and sIgM were used to create an environmental index - a procedure that
might be of limited utility in view of the known genetic determination of these
measures [e.g. Martin et al, 1982]. Busaniche et al [1985] report however that total
sIgE and IgA, at least, were uncorrelated in 1030 individuals, though secretory IgA
tended to be lower in young atopic individuals than controls. Six variables were
entered into the analysis: the maternal, paternal and child’s phenotype and
environmental index (Table 5.25). Seven parameters were estimated for a
submodel of the general nuclear family path model of Rao, Morton et al [1978]
embodying an additive (multifactorial) genetic component, and a shared
environmental component (E-E) with a unique marital environmental correlation,
parent-offspring environmental correlation, and sibling environmental correlations.
Separate maternal, paternal and child correlations to the environmental index were
estimated.

Table 5.25 Observed correlations (×100) between parents and children for sIgE
and environmental index [from Gerrard et al 1978].

F IgE M IgE C IgE F Ind M Ind C Ind
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Father adjusted sIgE ---

Mother adjusted sIgE 08 ---

Child adjusted sIgE 31 22 26*

Father Index 12 04 10 ---

Mother Index -06 24 12 12 ---

Child Index 16 18 23 31 44 ---

* Correlation between siblings

The general form was the preferred model (χ2
9=6.73, P=0.66); both the

shared environment model (χ2
4=26.30, P<0.001) and pure genetic model

(χ2
1=46.62) were rejected. This gave estimates for h2 of 42% (95% CI 31-54%)

and via the environmental index for c2 of 7% (2-12%).
The authors then reported the results of the complex segregation analysis

(using NUCLEAR). Log sIgE level was first normalised within generations and a
power transformation applied to remove the remaining skewness. Two significant
components were detected via commingling analysis during this second
transformation. This was subsequently confirmed in Rao et al [1980] and Hasstedt
et al [1985], and suggests the presence of a major gene. The segregation analysis
suggested the presence of both a major gene (q=t=d=0, χ2

3=30.94) and polygenes
(H=0, χ2

1=8.49) determining total sIgE. The major gene acted as an autosomal
recessive (d=B=0, χ2

2=0.00) to increased levels of IgE, with an estimated gene
frequency of 0.488. This would suggest that 24% of the population studied would
be homozygotes, suggestively not dissimilar from the population prevalence of skin
atopy. The rejected autosomal dominant hypothesis (χ2

1=12.69) of course gives
the same number of "affected" heterozygotes and homozygotes. The model was
further tested by dichotomising the population by sIgE level into low and high
(normalised log(sIgE)>0.4 z units) and examining the results of the various mating
types using the mixed model. Again, evidence for a major recessive gene was
found.

The authors concluded that the shared environmental component detected in
the path analysis may in fact have been a dominance component due to the
autosomal recessive major gene (σ2

D=13% and σ2
A=13% as q≈0.5). They

expressed the pious hope that this gene would soon be identified (see below).
These data were partially reanalysed by Ott [1979], who used an EM

algorithm based alternative numerical approach. He chose to analyse the power
transformed IgE level assuming one component to the distribution and used an
unconditional likelihood approach, in contrast to Gerrard et al, where likelihoods
were conditioned on the parental phenotype. As a result, he found no evidence for
segregation of a major gene. These methodological differences were pointed out
by Rao et al [1980], who performed a further reanalysis using POINTER. This
analysis supported Ott in finding no evidence for a major gene if a one component
distribution and joint likelihoods for parents and children were assumed. Under the
two component transformation, the authors’ original findings were supported, as
they also were under the conditional likelihood approach. The choice of
transformation was reconfirmed with use of an improved version of SKUMIX; it
must be noted that overall evidence of commingling apparently came from the
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children rather than the adults. However, the phenotypic distributions of parents
and children were homogenous on testing. Blumenthal et al [1981] report an
analysis of the same data using the Elston and Stewart model. The random
environment model was again clearly rejected, but neither the recessive and
dominant models were favoured. They comment that this method cannot of course
differentiate between polygenic and monogenic models.

In Borecki et al [1985], information on atopic and other disease status from
these 173 families was incorporated into the segregation analysis. Diagnoses were
asthma, hayfever, eczema, recurrent bronchitis, allergic rhinitis, and urticaria; the
criteria were symptom based. Using these criteria, 17% (30) families were
nonatopic. The mean total sIgE level was elevated among symptomatic subjects,
but was normal in many subjects with allergic rhinitis and recurrent bronchitis.
Atopic affection status was therefore divided into three levels:

(1) Asthma or eczema (prevalence 21%)
(2) Asthma, eczema, hayfever, or recurrent bronchitis (32%)
(3) Asthma, eczema, hayfever, recurrent bronchitis, allergic rhinitis or
urticaria (45%)

Affection status and transformed IgE were positively correlated: 0.20 for level 1 and
2, and 0.17 for level 3, and cross trait parent-offspring correlations were present
(see Table 5.26). Segregation analysis using the unified mixed model for a
threshold trait was then performed (using POINTER).

Univariate analyses were first presented for the three affection states in turn.
Although in each case, the nongenetic model was rejected, the major gene model
could not be differentiated from the multifactorial model. A bivariate model entering
normalised IgE (as earlier) and affection status was fitted, again separately to the
three different affection levels. This model involved an extension of the usual
mixed model (where x=normalised IgE and y=liability to allergy):

5.2

x g c e
y gy αc βe w
V(x) G C E
V(y) Gy α2C β2E W

Hy α2 C
Vy

Ey βE
W 1 Gy α2C β2E

Four parameters for y additional to those in the univariate model are
estimated: dy=dominance; ty=displacement; Hy and Ey the heritability and
environmental variances specific to y. The parameter w is the specific residual
deviation in liability; W is the corresponding variance component and is completely
determined as the liability scale is standardised. For model testing, dx was set to
zero (see Table 5.27). For liability level 1, in the general hypothesis, Hy was
estimated as zero, implying that the multifactorial component was unimportant to

91



the determination of liability, in contradistinction to IgE level. A major gene with
codominant inheritance was the preferred model, with no environmental variance
specific to liability. For liability level 2, however, the preferred model was the
codominant model, and for level 3 (the least specific), a dominant inheritance
provided the best fit.

Table 5.26 Parent-offspring correlations for presence of atopy (level 3) and sIgE
[from Borecki et al 1985].

Parental

Offspring sIgE Atopy

sIgE 0.25 0.17

Atopy 0.09 0.22
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Table 5.27 Bivariate segregation analysis for sIgE and level 1 liability to allergy
[from Borecki et al 1985].

HYPOTHESIS LR χ2 df p

General (Hy estimate=0, dx set=0) 0.0

No association IgE and liability 25.6 4 0.00

No shared genetic component 16.58 3 0.00

No major gene 9.28 2 0.01

No specific environment ie Ey=0 0.68 1 0.41

Recessive major gene 2.27 1 0.13

Additive (codominant) major gene 0.74 1 0.39

Dominant major gene 12.22 1 0.00

To check for possible confounding due to age on liability, the analyses were
repeated using age specific prevalences and correlations for level 3 atopy. Fit was
actually improved, and no significant differences in the parameter estimates or
hypothesis tests were detected. The authors interpreted their findings as
supporting the hypothesis of an IgE regulator gene, where RR and Rr lead to lower
sIgE and rr to higher levels, but where heterozygotes have increased risk of
exhibiting atopic disease, despite a normal total sIgE. The population frequency of
allele r (as in the first study) is between 42-48%.

A preliminary study [Gerrard et al 1976] of this material is interesting
because it examines specific genetic influences. This included 176 families (rather
than 173). They include a delightful table of χ2 values for the 2x2 tables formed to
examine within-child and parent-offspring concordance within and across asthma,
hayfever, "recurrent" rhinitis, recurrent bronchitis, eczema and urticaria. These
represent data from 475 relative pairs and are not corrected for nonindependence.
The same trait parent-offspring correlations were higher than the cross-trait
correlations. I have presented these correlations as phi coefficients (Table 5.28).

Table 5.28 Parent-offspring phi correlation coefficients from Gerrard et al [1976].

PARENT OFFSPRING

Asthma Hayfever Rec.
Rhinitis

Rec.
Bronchitis

Eczema

Asthma 0.29

Hayfever 0.16 0.18

Rec. rhinitis 0.07 0.03 0.14

Rec. bronchitis 0.21 0.03 0.02 0.22

Eczema 0.07 0.01 0.05 0.05 0.15
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5.4.6 McGue et al on sIgE : McGue, Gerrard, Lebowitz and Rao [1989]
performed commingling analysis on immunoglobulin levels in sera from both the
Saskatoon and Tucson studies examined above. This gave a total of 1745 North
American adults and children. Total sIgA, D, E, G and M levels were age and sex
adjusted, and in the case of IgE further adjusted for month of blood collection in
(skin) atopic individuals only. The results were power transformed and
commingling analysis performed. In the Canadian sample, the presence of
commingling was detected for the children’s sIgE levels, and for IgA, IgG, IgD in
both adults and children. No commingling was detected in the Tucson results, with
the exception of children’s sIgE. These results accord with the findings that
heritability of sIgE has been found to be higher in children than adults in a number
of studies. For the Canadian data, a two component model was preferred (1 v 2
components, χ2

2=7.3, P=0.03; 2 v 3 components, χ2
2=0.5, P=0.78) with a gene

frequency of 0.51 for the recessive gene associated with a high sIgE level. In the
Tucson data, the three component model was favoured (1 v 2 components,
χ2

2=6.9, P=0.03; 2 v 3 components, χ2
2=6.8, P=0.03), corresponding to a gene

frequency of 0.38. The deviation associated with the "high" genotype was 1.65 for
the Saskatoon, and 2.63 (with d=0.45) for the Tucson children.

5.4.7 Blumenthal et al on IgE: Blumenthal, Namboodiri, Mendell, Gleich,
Elston and Yunis [1981] examined three large pedigrees (N=184 individuals) by
complex segregation analysis using the method of Elston and Stewart. The
families were ascertained through a history of multiple members suffering ragweed
pollinosis. Total sIgE level (serum collected out of pollen season) was log
transformed and age-sex standardised (either before segregation analysis, or
simultaneously). A mixture of two lognormal distributions was found to fit the
logIgE distribution, and was marginally better than using the conservative one
distribution model (χ2

2=5.76, p=0.056).
The random environment model was rejected (χ2

3=27.03). The polygenic
model gave an estimated heritability of 50%. The favoured mode of transmission
was an autosomal dominant gene for high IgE. An approximation to the "mixed
model" estimated the additional polygenic heritability at 10%, which was not
significant, but the authors note that the procedure used favoured the major gene
(in variance terms). The displacement of the means was 2.0 SD units. There was
evidence of heterogeneity between the families. A borderline significant difference
in sIgE levels in the different pedigrees was found to be due to a lower mean sIgE
level in the females of one pedigree. Homogeneity χ2 testing of the dominant and
recessive hypotheses demonstrated that the pedigrees differed from one another
(dominance χ2

18=30.05; recessivity χ2
18=42.09). Separate analyses of each family

were performed. In the first pedigree, the preferred model was clearly autosomal
dominant. The second family favoured either hypothesis, while the third favoured
the recessive inheritance.

The authors concluded that "[t]here is a strong possibility of either multiple
alleles at a single locus or involvement of more than one major locus". This is
quite possible in this case as ascertainment was through ragweed allergy. As
discussed earlier, ragweed pollinosis is the only specific hypersensitivity with a HLA
association, confirmed by an RFLP linkage study. These particular families (or the
first and second families) may represent epistasis between a general atopy gene(s)
and the Amb 1 V sensitivity gene.

This group has also reported a path analysis of basophil histamine
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releasability [Roitman-Johnson & Blumenthal 1988; Blumenthal 1993]. In this
assay, anti-IgE antibodies or other agents are titrated against histamine release
from blood; alterations (increases or decreases depending on the agent) have been
reported in atopy [Marone et al 1986]. In ten nuclear families ascertained through
a ragweed-sensitised proband, there was a sib-sib correlation of 0.85, with a lower
parent-offspring correlations. The authors estimated the heritability of anti-IgE
provoked histamine releasability at "55-70%" [Blumenthal 1993].

5.4.8 Parks et al on sIgE and atopy : This recent study [1990] included
Rice and DC Rao as coauthors. It examines total sIgE level and atopic symptoms
in the nuclear families of 42 asthmatic proband ascertained through an outpatient
clinic in Madras (India). As in Borecki et al [1985, see above], categories of
reported symptoms were used to define two affection classes, one containing the
core syndromes of asthma, allergic rhinitis and atopic eczema, the other including
these as well as nonasthmatic wheezing and questionable allergy symptoms.
Since ascertainment was nonrandom, and the appropriate values were not known,
the population prevalence of these two entities was estimated from that in the
relatives of the probands, including and excluding the probands, giving ranges of
12-27% for the prevalence of the core syndromes and 15-31% for the broad
category. Taking the authors’ "reasonable estimates" of 15% and 20% for the
prevalences leads one to assume that atopic disease is less common in this
population.

The mean total sIgE level was 637 U/ml, higher than that generally reported
in Western studies. The log transformed age-sex standardised total sIgE level was
used for the segregation analysis. Commingling analysis (SKUMIX) found two (log)
normal distributions to best fit the logIgE frequency distribution, so segregation
analysis using POINTER was performed on the un(-power-)transformed variable.
The clinical syndromes were included using the threshold model, with liability to
affection (y) a linear function of adjusted sIgE (x; y=x+w; E(x)=0, Var(w)=W).

No evidence for a major gene was found (the gene frequency converging on
zero on each attempt). The familiality (since no environmental index was
incorporated) was estimated at 0.2, quite low when compared to other studies.
The correlation between liability and logIgE was 0.4, as seen above. The authors
considered that these results might reflect a higher parasite load in this population,
so that heritability of sIgE is proportionately decreased. This leaves the task of
explaining why the prevalence of atopy was probably lower than that seen in
Western studies. The authors invoked the hypothesis that parasitosis protects
against atopic illness, but as discussed earlier, the relationship might run in the
opposite direction, so an alternative suggestion is that exposure to major allergens
is less prevalent in Madras.

5.4.9 Silverman et al: This another study [1990] of sIgE including DC Rao
among the authors. As noted in Section 3.8, α-1-AT deficiency states are
associated with increased asthma or asthma-like symptoms. Therefore these
authors performed a measured genotype analysis using 52 PiZZ (and Z-) probands
and their immediate families - 44 segregating nuclear families from 29 pedigrees
(total of 167 subjects). Path and complex segregation analyses were performed on
log total sIgE level, and total and oxidised α-1-AT level.

Since Pi type was found to be uncorrelated with sIgE level, analyses were
performed with and without ascertainment correction. In the path analyses of sIgE,
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a marital correlation of 0.27 was observed, with the overall heritability being 0.27
under additive genetic transmission (with sibship and marital genotypic correlations
modelled). The heritability of sIgE was 0.64 in children and 0.47 in adults under
the no-major-gene POINTER model by contrast (conditioning on parents and
probands; versus the no transmission model χ2

2=16.8, P=0.00; the data for
conditioned on parents alone not shown). The major gene model fitted equally well
(versus the no transmission model χ2

3=18.0, P=0.00), as of course did the mixed
model (χ2

5=18.4, P=0.00). The heritability estimate agrees well with those above.
The sample size seems to have been insufficient for testing of major gene models.

5.4.10 Dizier et al: A complex segregation analysis of total sIgE in 234
Busselton nuclear families was reported at the 1993 International Genetic
Epidemiology Society Annual Meeting [Dizier et al 1993]. Fitting the Class D
regressive logistic model detected a major autosomal recessive gene explaining
28% of trait variance, with residual familial correlations (polygenic or shared
environmental). When atopy (any positive skin prick test or positive RAST) was
added as a covariate, "the residual familial correlations [were] no longer significant".
The authors interpreted these findings as suggesting the major gene controlling
sIgE is unrelated to atopy. I think this a rather peculiar conclusion, and await the
full paper.

5.4.11 Lawrence et al: The Southampton group (Steven Holgate on the
asthma side, and Newton Morton on genetics) reported a path and complex
segregation analysis of atopy and asthma. The 131 nuclear families (631
completely phenotyped individuals) were selected only to contain sibships of three
or more, and can be regarded as a random sample with respect to asthma.

Clinical phenotypes were defined using a questionnaire based on that of the
IUATLD supplemented by a video. Total sIgE determinations, skin prick tests to 11
common allergens, and Yan histamine challenge were performed.

Atopy was defined as the factor score for the first principal component of log
total sIgE, AUC of dose-response curve for histamine, the product of the diameters
of the SPTs, and summed questionnaire scores for wheeze, hayfever and eczema;
asthma was defined similarly using BR and wheeze.

Simplified path models were fitted to the data (Table 5.29). The highest
heritability estimated was for log sIgE at 61% (95%CI=50-72%). That for BR was
27% (14-40%), and for product of SPTs 34% (21-47%). Commingling analysis was
suggestive of a mixture of distributions.

Two types of segregation analysis were performed following inverse normal
transformation (POINTER) and subsequent polychotomization (COMDS). The
mixed model in POINTER supported a polygenic model for sIgE, and a SML for BR
and SPT with zero residual heritability. The authors were sceptical of these latter
findings, especially because SPT has a number of nonreactive individuals (zero
scores), forcing a SML model. Similar two locus models using COMDS, setting the
modifier locus parameters to simulate polygenic background (dominance dm=0.5,
gene frequency qm=0.5) suggested common major genes of small effect, though
giving rise to different segregation parameter estimates than the equivalent
POINTER analyses. For example, POINTER’s general model for transformed total
sIgE gave a recessive model with gene frequency (q) of 0.62, residual heritability
(h2) of 38%, and likelihood χ2

3 (compared to the polygenic model) of 4.0; COMDS
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gave an additive model with q=0.22, (pseudo) h2=12%, and LR χ2
3=12.9. For the

atopy trait, POINTER gave a recessive gene, q=0.55, h2=40%, LR χ2
3=2.5; COMDS

an additive gene with q=0.25, h2=10% and χ2
3=11.9. To my mind, the segregation

results seem a little inconsistent, especially across the two programs used.

Table 5.29 Selected familial correlations from Lawrence et al [1994].

Trait Spousal
(N=130)

Father-Child
(N=303)

Mother-Child
(N=297)

Sib-Sib
(N=334)

log sIgE 0.08 0.36 0.28 0.38

BHR 0.05 0.15 0.08 0.20

SPTs 0.06 0.21 0.14 0.20

5.4.12 Martinez et al on sIgE : Among 291 nuclear families ascertained
through the Tucson Children’s Respiratory Study (N=1077) described in this paper,
50 were Hispanic in origin, allowing testing for ethnic (genetic) heterogeneity in a
segregation analysis of sIgE level [Martinez et al 1994]. The parent-offspring
correlations for log sIgE were a little lower than those seen in other studies (sib-sib
0.31±0.06, parent-offspring 0.18±0.02, spousal 0.05±0.06). Using SAGE REGC
with a Box-Cox "link" function to simultanously estimate age-sex standardised Z-
scores, the authors found evidence for ousiotypes (that is a mixture of
distributions - χ2

7=88.0), with close to Mendelian τ’s (τAA=1.00 - on bound, τAB=0.44,
τBB=0.00), rejecting the environmental transmission model (χ2

4=85.5). The
codominant model fitted better than the dominant or recessive, and there was
marginal support for "polygenic" residual correlations. As usual, the gene
frequency was high, estimated at 0.34 for the increasing allele (A), which acted in a
near additive fashion (on the z-transformed scale). No ethnic heterogeneity was
detected.

5.4.13 Cox et al on sIgE : This abstract [1998] mentions in passing a path
analysis of sIgE level among the Hutterites. The nature of the data meant that
assortment and epistatic effects could be estimated, as well as the additive and
dominant genetic components. The heritability of sIgE level was 65% (height was
85%).

5.5 Animal pedigrees

Only dogs and ponies spontaneously exhibit diseases similar to human
atopy. Dog atopy is usually seasonal, and is characterised by a pruritic face,
axillae and paws [Schwartzman et al 1971]. A Prausnitz-Küstner reaction can be
elicited, and hyposensitisation. The prevalence in the general population is 0.5-
1.0%. In breeding experiments using atopic dogs, Schwartzman et al found atopy
(including leucocyte histamine releasability) to be strongly heritable, and pedigrees
were most consistent with an autosomal dominant inheritance. Particular breeds
also exhibited higher prevalence of the trait.
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6 GENETICS OF ASTHMA AND ALLERGY: MOLECULAR GENETICS

A list of candidate genes for a role in asthma and allergy pathogenesis can
be generated for all the mediators and their receptors described in Chapter 3, the
receptors characteristic of particular effector cells involved, and of course IgE and
its receptors. A number of these candidates are currently under investigation.
Likely ones are some of the interleukin receptors eg the IL-5 receptor (located on
chromosome 3p26), IL-4 receptor (16p12.1-p11.2); the immunoglobulin genes on
14q; the high affinity IgE receptor (assigned as part of a search described below to
11q13); the HLA region; the T-cell receptor (on 14q11.2 - α and δ subunits, 7p15-
p14 - γ subunit, and the β-subunit on 7q35) [Genome Data Base 1993]. Other
regions of recent interest are the chromosome 5q cluster of interleukin genes
(including IL-4 and IL-5), close to the β2-adrenoceptor gene, and interferon-γ on
12q. Although some of the earliest studies in this area started in the HLA region
looking for allergen specific human equivalents of mouse Immune Response genes,
I will start with the search for a (generalised) atopy gene.

6.1 Early Linkage Studies

6.1.1 Zieve et al: This paper, "On the linkage relations of the genes for
allergic disease and the genes determining the blood groups, MN types and eye
colour in man" [1936], must be the first of its kind. A sample of 66 nuclear families
(383 individuals) were ascertained. Diagnosis of asthma, hayfever, urticaria,
eczema, angioneurotic oedema and gastro-enteritis was made by the investigators
based on personal interview. Preliminary segregation analyses were performed
[Wiener et al 1936], which were supportive of an intermediate dominant hypothesis,
with (increasing) homozygotes suffering early onset disease, and heterozygotes
more likely to develop disease after childhood. AB0 and MN blood group was
determined in 56 complete families (317 subjects plus 16 in incompletely typed
families). After excluding nonpaternity etc, based on the blood grouping, linkage
analysis was carried out under the preferred segregation model using the method
of Wiener [1932]. No linkage to blood group or eye colour was found.

Reanalysis of the pedigrees using MLINK and SIBPAL actually finds weak
hints of linkage to AB0. Mean identity by descent sharing at the AB0 locus among
affected sib pairs is 0.61 (SE=0.26, P=0.02), while maximum likelihood linkage
analysis under an additive SML model (q=0.5, f2=0.6, f1=0.3, f0=0.0), finds a
maxiumum lod score of 0.44 at recombination fraction θ=0.00. In view of the small
families and less than fully informative marker used, these results are all the more
surprising.

6.1.2 Eiberg et al: The next study I am aware of dates to 1985. This
abstract describes a preliminary linkage analysis for total sIgE level. A maximum
lod score for Kidd blood group of 1.0 in males and for both sexes a lod score of
2.07 for Esterase D (recombination fraction=0.00). This would place the gene
regulating overall IgE level on Chromosome 13. This finding was not replicated by
Cookson et al [1989]. More recently, Daniels et al [1996], did find evidence of
linkage of atopy to this region.

6.2 Chromosome 11 Atopy Gene
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6.2.1 Oxford group : The group headed by William Cookson and Julian
Hopkin has published several papers [Cookson & Hopkin 1988; Hopkin 1988;
Cookson et al 1988; Cookson et al 1989a; Cookson et al 1989b; Cookson et al
1992; Young et al 1992; Sandford et al 1993], describing a large family study of
atopy including RFLP and later STRP based linkage analysis. Initially they
examined the nuclear families of 20 (skin) atopic asthmatics from a respiratory
outpatient clinic (age 12-15 years) and 20 control families ascertained via similarly
aged children admitted to hospital for appendicectomy (12), pneumothorax (6) or
pneumonia (2). A further 158 subjects from three large extended families with
strong histories of atopic disease were also recruited via letters to general
practitioners and newspaper publicity. This total of 394 subjects was extended to a
total of over 500 subjects in a later analysis [Hopkin 1988]. No statistical allowance
for ascertainment bias was made in this initial analysis.

6.2.2 Initial segregation and linkage analysis : Subjects completed a
modified version of the ATS-DLD-87 questionnaire which included items on
frequency and seasonality of symptoms. All underwent skin prick testing for 11
common aeroallergens, and had blood collected for total and specific sIgE levels.
Affected individuals satisfied any one of the following criteria:

(1) one or more skin prick wheals with a mean diameter 1 mm greater than the
negative control;

(2) a total sIgE more than two standard deviations above the population mean;
(3) one or more positive (not defined) RAST results.

The norms for sIgE were age-sex-standardised [Hopkin et al 1993]. The
definition of skin atopy as being 1 mm or greater than the control would be lower
than that used in a number of other studies, and would proportionately increase the
number of subjects diagnosed as being atopic. Similarly RAST results are
commonly reported in semiquantitative form; the cutoff for a positive reaction may
vary from kit to kit. I note this because other workers (eg Sibbald 1988) have
criticised the definition of atopy used in this study.

Within the nuclear families examined, 80% of the parents defined as being
atopic fulfilled two out of three criteria, 12% had an elevated total sIgE, and 8% a
positive skin test alone. While 83% of all atopic subjects met questionnaire criteria
for asthma or hayfever (defined as rhinitis and conjunctivitis), only 30% specifically
reported diagnoses of these syndromes. Of the nonatopic subjects, 13% met these
criteria. Within the nuclear families, significantly more of the parents of cases were
atopic than were those of controls (χ2

2=11.2, P=0.004; see Table 6.1). This gives
an unadjusted odds ratio for atopic asthma versus (any) parental history of atopy of
11 (95% confidence interval 2-60), and a population prevalence estimated from the
control parents of 25% (11-38%), not dissimilar from most estimates in the
literature, as discussed earlier.

Among the extended families, the authors felt that the segregation of atopy
was most consistent with an autosomal dominant gene of fairly high penetrance
(Table 6.2). In only four nuclear families out of 31 producing atopic offspring were
the parents nonatopic as defined by this study; in each case, one of the
grandparents was atopic, and in three families, the linking parent had a history
consistent with childhood rhinitis.
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Table 6.1 Parental affection status of cases and controls from 40 nuclear families
[from Cookson & Hopkin 1988].

Group of children
Number of parents atopic

None One Both

Atopic asthmatics (20) 2 11 7

Control children (20) 11 8 1

Table 6.2 Affection status of offspring of mating types within three extended
families with high prevalences of atopy [from Cookson & Hopkin 1988].

Mating Type UxU UxA AxA

Atopic offspring 4/? 31/47 8/12

Percentage 66% 75%

The linkage study was performed using seven extended families, three of
these being those described above, others recruited from, among other sources,
the authors’ respiratory outpatient clinic. A two liability class model was used: the
first class contained subjects where the diagnosis of atopy or normality was
clearcut; the second class included those subjects where skin prick testing and
total IgE were equivocal. For example, as sIgE diminishes with age, nonatopic
individuals (by the authors’ criteria) aged over 60 years were assigned to this
second liability class. Penetrance for the first liability class was modelled as being
99%, and 75-90% for the second class. Two particular kindreds, with a high
prevalence of cigarette use, contributed the bulk of this second liability class.

The strategy used was a chromosome by chromosome search - see Table
6.3. The seventeenth probe examined, p λMS.51 (D11S97), showed 8
recombinants from 53 meioses. A further 69 meioses were then recruited. The
maximum lod score for all the families was 5.58 at a recombination fraction of
10.5%. Subsequently, more families were included [Cookson et al 1989]. This led
to a maximum lod score of 6.39 at a recombination fraction of 10%. For the
original data, four families contributed a maximum lod score of 5.24 at a
recombination fraction of 6%, with the second liability class members contributing
little to the lod score. The remaining families, where cigarette use was high, also
suffered from poor family structure, with a small third generation and many
uninformative meioses.

Hopkin [1990] summarised further work. The number of families included
now numbered 60. Most of these were relatively small kindreds. The lod score
remained highly significant at over 5. There was no evidence of genetic
heterogeneity on testing. This test would not be very powerful if most families were
small.

This work gives us a model for atopic disease in terms of a single gene,
backed up by the linkage analysis. The gene frequency is between 15-25%. The
penetrance for any atopic symptoms was 85%, for wheeze 60%, and for diagnosed
asthma 20%. If one uses the higher figure for the prevalence of atopy in the
general population, this equates to a gene frequency of 0.16; if the prevalence is
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30%, the gene frequency 0.19. Using a gene frequency of 0.16 and a penetrance
of 85% gives σ2

A of 14% and for σ2
D of 1%. Using the formulas presented by

James [1971] and Risch [1990], this suggests the population relative risk
(recurrence risk compared to the general population risk) for atopy in the parents or
siblings of atopic children would be 2.1, and for MZ twins would be 3.4 (see also
Section 11.5.2). If both parents have no symptoms of atopy, the risk to the
children of developing wheeze is approximately 7%.

In the same pericentromeric region of Chromosome 11, one finds CD20
(11q12-q13.1), complement component 1 inhibitor (hereditary angioedema, 11q12-
13.1) with a polymorphism information content (PIC) of 0.34, Multiple Endocrine
Neoplasia I (11q12-13), muscle glycogen phosphorylase (11q12-q13.2, PIC=0.46),
the gene associated with McArdle syndrome, and various pepsinogens (3-5, Gp I)
making up pepsinogen A (11q13). In addition, this region is homologous to the
mouse 7F (T50H) region, associated with parental imprinting effects [Hall 1990]. A
number of human disease genes existing in other homologous areas have already
been demonstrated to exhibit maternal (Wilm’s tumour) or paternal (Huntingdon’s
disease) imprinting; this might extend to atopy.

6.2.3 Further Linkage Analysis : In the period since the last paragraph
was written, evidence supporting this latter prediction was published. This group
published a further two papers in the Lancet, which included GM Lathrop as an
author. Young et al [1992] described a separate analysis of sixty-four nuclear
families. These were ascertained through children (age under 15 years) reporting
eczema, hayfever or asthma. The same diagnostic criteria as before were used.
The model assumed a gene frequency of 0.2, and a 95% penetrance. Genetic
homogeneity was assessed using the test proposed by Smith [Ott 1991].

Under an assumption of equal recombination distance in both sexes, the
maximum lod score was 3.8, but there was strong evidence for a male-female
difference. Relaxing the equality constraint led to a maximum lod score of 5.2, with
θM=0.18 and θF=0.001. The proportion of unlinked families was estimated at zero,
with a 95% upper limit of 40%. The marked sex difference was left unexplained.

Cookson et al [1992] described sib-pair analyses that examined sharing of
maternal and paternal marker alleles. All subjects genotyped up to August 1991
were included (N=723). Affected sib-pairs were significantly more likely to share a
maternal Chromosome 11 than a paternal Chromosome 11, whether using an
affected phenotype defined as any skin test 4 mm or more in diameter (maternal
allele shared 30/43 and paternal alleles shared 24/42), a high total sIgE (maternal
51/81; paternal 28/59), or the combination of three measures described earlier
(maternal 125/203; paternal 83/179). There was no significant sharing of alleles in
unaffected sibling pairs in the informative families. A "hot spot" of male
recombination could not be found to explain the sex difference. In families where
the father was atopic, and the mother nonatopic, the sharing of maternal alleles
was 19/32 (0.59, exact 95% CI 0.41-0.76), which trends in the same direction as
the previous results. The authors note that alternative explanations include
phenotypic maternal effects, so a pair of sibs carrying this atopy gene are more
likely to express it after transplacental or breast milk exposure to maternal IgE or
other factors. Since the presence of atopy in offspring of atopic fathers is
increased, they also concur that the disease must be genetically heterogenous.

Finally, this gives a possible explanation of the failure to replicate the original
linkage between 11q13 markers and atopy in other studies (see Section 6.1.4 et
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seq). If sex of the parent is ignored, obviously the evidence for linkage will be
attenuated: for atopy via three measures - the phenotype giving the strongest
evidence - affected sib pairs shared 208 alleles out of 382 (0.54, exact 95% CI
0.49-0.60), not significantly different from the null expectation of 192.

The second paper [Sandford et al 1993] gives multipoint linkage information.
Because of the presence of probable maternal inheritance and genetic
heterogeneity, sib-pair methods of analysis were again used. Two novel STRP’s in
the 11q13 region were described. One CA-repeat marker was derived from FcεRI
β-subunit DNA, the other was derived from a cosmid clone.

Examination of the maternal or paternal origin of marker alleles in affected
sib-pairs again gave strong evidence for maternal transmission (D11S97 paternal
alleles shared 45/87 and maternal alleles shared 72/100; FcεRI-βca paternal 43/84,
maternal 56/67; cosmid clone marker cCl11-319ca paternal 28/60 and maternal
56/67 - in each case maternal allele sharing is markedly greater than 50%). The
best ordering of the markers was D11S97, cCl11-4, cCl11-319ca, CD20, FcεRI-βca,
cCl11-222. The atopy locus mapped using maternally derived alleles into the (95%
support) region running from cCl11-4 (with the lowest estimated recombination
fraction θ=0.005) to FcεRI-βca (θ=0.03). There was no evidence for allelic
association (linkage disequilibrium). Critically, the authors note that in 16 of 88
families informative
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Table 6.3 Gene probes used by the Oxford group [1988, 1989, 1992, 1993].

Genetic Probe Chrom Comment

pYNZ2 1

pYNH 2

p lambda g3 7

collNJ3 7

p lambda MS.51
D11S97

11q12-
13

Initially described probe linked to atopy; first
to show evidence of maternal imprinting

FcεRI-βca 11q13 Probe with strong evidence of linkage to
atopy; strong candidate

CD20 11q13 Marker with strong evidence of linkage to
atopy; Possible candidate (B-cell surface
marker of unknown function).

CCl11-319 11q13 Probe with strong evidence of linkage to
atopy

CCl11-4 11q13 Probe with strong evidence of linkage to
atopy

CCl11-222 11q13 Probe with strong evidence of linkage to
atopy

InsHVR 11p

Esterase D 13 previous report of linkage [Eiberg et al. Cytogen

Cell Gen 1985;14:622]

WC25 13

WC83 13

p7f12 13

AW101 14 Excludes variation around IgE H chain locus

3’ a globin 16

p79-2-23 16

pYNZ22 17

RMU3 17

Jeffries 33.15 multiple poss linkage with asthma [Brereton et al 1990]

Jeffries 33.6 multiple

M13 gene 3
tandem repeat

multiple

zeta intron HVR multiple
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for loci within this region, atopy was not linked to 11q13. They commented that
linkage might be spurious in approximately this number of families again, as the
phenotype was so common. Therefore approximately 60% of atopy in these
families would be attributable to the 11q gene. The FcεRI-β gene is therefore a
strong candidate gene, as presumably is CD20 (later excluded), though I can find
few references ascribing a function to this cell surface marker. Table 6.4
summarizes the subsequent replication attempts described below.

6.2.4 Inacio et al: This abstract [1990] was the first published attempt at
replication of the Oxford group’s findings. Seventeen Portuguese families were
examined (14 two generation and 3 three-generation, total N=83). Half (40/83) of
the subjects were atopic. It is implied but not stated in the abstract that all these
individuals were pollen sensitive. There was no evidence of linkage to the λ-MS51
probe site on 11q. They note that "[t]he observed patterns were distinct and
different from those reported in the literature". Apparently [D. Meyers, pers comm],
this refers to the fact that the Pasteur Institute group could not identify the
particular length restriction fragments (alleles) described by Hopkin et al [1989].
However, all the atopic individuals did carry the HLA DQA2-DQB2 haplotype (see
below).

6.2.5 Shirakawa et al: A successful replication of Cookson et al was
reported by a Japanese group at HGM 11 [1991]. There were 274 atopic
asthmatic probands, but only 136 families were finally selected - the remainder
were excluded because of "discrepancies between measurements" of the three
measures of atopy used [as per Cookson et al]. Of these, only 4 families
containing more than 15 meioses each (out of the 8 families eligible) were used to
examine linkage to D11S97 (N=69 meioses). One family gave a lod score of 2.98
at θ=0.01, the other three 0.6 to 0.7, so that the four families gave a total lod score
of 4.88. The genetic model chosen is not described, but is presumably the same
autosomal dominant model of Cookson et al. Shirakawa et al [1994] revises this
maximum lod score to 9.35 for D11S97 and FcεRI-βca under the assumption of
unequal rates of maternal and paternal recombination, and report evidence for
maternal transmission in 2 families.

6.2.6 Amelung et al: These authors [1992] described a continuing study in
Groningen (Netherlands). The group includes Deborah Meyers. Twenty families
(N=117 typed individuals) were ascertained through a proband diagnosed as
asthmatic in 1962-70. Linkage to both atopy and BHR was tested for, using both
LINKAGE under two different genetic models, and sib-pair analyses. The lod score
was below -2 for θ<0.12 with the PCR-based marker INT2. A sib-pair analysis
found that of the (possible) 54 affected pairs, 28 shared the same INT2 allele as
the affected parent, and 26 were discordant. In addition, they examined D6S105,
tightly linked to the HLA-B region. In this case, a lod score of -2 was found at
θ=0.07.

6.2.7 Hizawa et al: In contrast to Shirakawa et al [1991], this Japanese
group [1992] found no evidence for linkage between D11S97 and atopy in four
families (N=60). A number of definitions of atopy were used, including that of
Cookson et al. Using this definition in the LIPED analyses, linkage was excluded
below θ≈0.04. Tightening the definition led to stronger evidence for exclusion.
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6.2.8 Lympany et al: This is another attempted replication of the 11q
linkage findings [1992a; 1992b] in nine families (2 and 3 generation, N=89). The
phenotypes studied were skin atopy (a panel of 10 common allergens), positive
RAST (to the same 10 allergens), as well as BHR to methacholine using the Yan
protocol. This group used VNTRs with the λ-MS51 probe (D11S97). The
heterozygosity at this locus was 77% (9 alleles). No evidence for linkage (using
Liped) was found for any of seven phenotypes defined. For atopy, the overall
maximum lod score was -0.3 at 30% with Hinf1 and -0.04 at 30% with Taq1.
Segregation analysis using REGD found atopy "not inherited in a simple mendelian
fashion". They note that they were unable to reproduce the 10.8 kb allele
described by Cookson et al.

Further analysis with INT2 and PGYM found no association with atopy, or
linkage - for PGYM LOD<-2 for θ<0.07; for INT2 for θ<0.04. Altering the definition
of atopy, or restricting it to BHR did not significantly alter these results.

6.2.9 Rich et al: Blumenthal’s group in Minnesota [1992] examined three
large pedigrees (N=67 typed at D11S97). Atopy was defined as by Cookson et al,
save that skin wheals had to be 5 mm greater than control. D11S97, HLA-A and
HLA-B typing results, were used for linkage analysis (LINKAGE). In addition, sib-
pair analysis (126 pairs) were performed using SIBPAL. Linkage with D11S97 was
excluded for θ<0.05, and with the HLA region out to θ=0.23. Sib-pair analyses
found no evidence for linkage to either region.

6.2.10 Coleman et al: Further linkage analysis of 11q13 was also
performed in 95 families (N=407) with at least two first-degree relatives with active
atopic eczema [1993]. Atopy defined as a positive skin prick test, or elevated
specific or total sIgE was present in 80% of parents and 86% of offspring, and
asthma or hayfever in 70% of the eczema probands. Ignoring the possibility of
maternal effects gave a multipoint lod score (D11S97, PGYM, CD20, centromere)
of -7.8 for 11q13. Sib-pair analysis (101 pairs) found a nonsignificant absence of
sharing of maternal alleles (D11S97 paternal 21/47, maternal 23/61 - 38% with
exact 95% CI=26-51%; PGYM 30/62, 25/61 - 41% with 95%CI=29-54%; CD20
9/16, 14/28). Linkage using subclasses of parental eczema found persisting
negative lod scores for families where the mother was unaffected or both parents
were affected. For 12 informative families where the father was unaffected, the lod
score was +0.8. The authors conclude that a maternal effect might exist, but that
heterogeneity is masking it.

6.2.11 Coll ée et al: This recent sib-pair analysis appeared as a letter to
the Lancet [1993]. There were 26 affected sib-pairs from 26 nuclear families, using
as the disease definition elevated sIgE (>100 IU/ml for over 10 year olds), a
positive RAST (≥0.35 PRU/ml) and two or more symptoms on a modified MRC
questionnaire. Families were typed at 3 loci - D11S97, PGYM, and FcεRI-βca.
The proportion of alleles shared IBD for D11S97 was 18/23 (78%, exact
95%CI=56-92%); PGYM, 33/44 (75%, 60-87%); and FcεRI-βca, 17/28 (61%, 41-
78%). Breaking this down by parental origin showed a tendency for sharing to be
greater for maternal than paternal alleles, but because of the small sample size,
this was not significant (Cochran-Mantel-Haenszel statistic χ2

2=2.84).

6.2.12 Neely et al: This abstract [1994] describes a linkage study of 355
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sib-pairs (170 individuals) from 11 (Amish) pedigrees studied by the group headed
by David Marsh. Three 11q13 markers were used: FcεRI-βca, INT2 and PGYM.
No evidence for linkage with any of four phenotypes (total sIgE, specific IgE to D
pter, D far, and a panel of 20 common aeroallergens) in a Haseman-Elston
regression analysis using SIBPAL was found.

More recently, this study was extended to include one additional pedigree,
further individuals in the existing pedigrees, and total sIgE was reassayed.
Reanalysis finds some evidence for linkage to INT2 (FGF3).

6.2.13 Lawrence et al: Holgate’s group [1994] have performed linkage and
segregation analysis of 131 nuclear families recruited for having three or more
children, but not specifically for atopic disease. "Evidence for major loci [was]
suggestive, but there was no evidence for imprinting or linkage to 11q13". In a
subsequent paper [Watson et al, 1995], these authors reported more fully these
combined segregation-linkage analyses under one and two trait locus models.

A number of markers on chromosomes 1, 5, 11, 12, 16 and 19 were
examined: D1S104, IL2RB, IL9, TGFB, IFNA, D11S480 (3.9 cM from FcERβ),
D11S527, D11S534, IGF1, D16S298, D19S112, D19S177. No maximized LOD
score greater than 0.57 (or less than -1.00) was obtained.

6.2.14 Brereton et al: This South Australian linkage study [1994] of 12
extended pedigrees in which atopy appeared to segregate in an autosomal
dominant fashion failed to find linkage or association to 11q.

6.2.15 van Herwerden et al: In a Victorian sample of 123 sib-pairs [1995],
by contrast, evidence for linkage of FcεRI-βca to methacholine BHR and diagnosed
asthma was found. This study was nested within the European Community
Respiratory Health Survey as part of which a random sample of 4500 individuals
aged 25-40 were screened via the IUATLD questionnaire. A subset of 757 of
these underwent methacholine challenge and skin prick testing to 11 common
allergens. Subjects with a history of asthma (episode in previous 12 months, use
of asthma medication, or nocturnal dyspnoea), atopy (any SPT > 3 mm), or BHR
(PD20≤2 mg cumulative dose of methacholine) were asked if they had a sibling,
who was invited to undergo testing. A total of 137 pairs were recruited. Linkage of
asthma, atopy and BHR to FcεRI-βca was tested an affected sib-pair identity-by-
state analysis.

There was significantly increased sharing of alleles in 67 concordant pairs
concordant for asthma (observed number of shared alleles=98, expected=83.1,
P=0.002), 106 pairs concordant for atopy (O=145, E=131.4, P=0.02), 53 BHR
concordant pairs (O=80, E=65.7, P=0.001). Among the 17 BHR pairs where there
was not concordance for atopy, the sharing was still greater than expected (O=28,
E=21.7, P=0.004); this was not the case in the 70 atopy concordant pairs not
concordant for BHR (O=93, E=86.8, P=0.124). No evidence for parental imprinting
was found when reported family history, and its interaction with ibs sharing was
examined.

The authors’ conclusion that they have demonstrated linkage to a BHR gene
rather than an atopy gene is a little premature however. I am skeptical of the ibs
methods here, as these can give inappropriately low P-values, as opposed to ibd
methods (which are perfectly applicable).
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6.2.16 Martinati et al: This Italian study [1996] describes sib-pair linkage
analysis in 45 nuclear families (213 subjects) ascertained through atopic asthmatic
children (median age 12 years, range 2-47), and containing at least one additional
atopic member. Atopy was defined as per Cookson et al [1989]. Analysis of
maternal versus paternal sharing at two markers (FcεRI-βca and CCl11-319ca) was
performed on 128 affected sib pairs.

No striking evidence for linkage was detected, although the sharing of
maternal alleles is in the expected direction. The maternal and paternal sharing at
FcεRI-βca was 28/47 (60%, exact 95%CI=44-74%) and 20/50 (40%) respectively;
for CCl11-319ca, 12/19 (63%) and 21/39 (54%). The difference between maternal
and paternal sharing at FcεRI-βca is almost significant (OR=2.21, Fisher exact
95%CI=0.96-5.03).

6.2.17 Noguchi et al: A similar study [1997] used 68 nuclear families (306
subjects) ascertained through atopic asthmatic children attending a Tsukuba
(Japan) pediatric allergy clinic and their affected sibs (median age 10.5 years,
range 1-29). The geometric mean sIgE in children was 670 U/ml.

The affected sib-pair analysis for atopy (log sIgE 1 SD above population
mean, or a positive RAST to any of six allergens; 85 pairs), and asthma (recurrent
wheeze and dyspnoea in the previous 12 months, spontaneous or bronchodilator
reversibility; 46 pairs) supported linkage to 5q31-33 (see below) but not FcεRI-βca
(mean ibd sharing 52%, P=0.43; and 51%, P=0.26). The results for a Haseman-
Elston analysis of tIgE (using SIBPAL) were more encouraging for FcεRI-βca (t=-
1.51, df=88, P=0.067).

6.2.18 Oxford group association studies of 11q13: Two recent studies
have confirmed the Oxford group’s original findings and their explanations as to
why replication by other groups was so difficult. One study used a sample from the
original Oxford families, the other, families from Busselton, WA.

Shirakawa et al [1994] first sequenced the FcεRI β-subunit gene in six atopic
and six nonatopic subjects. Three (6th exon) mutations were found in one atopic
individual leading to substitutions of isoleucine for leucine at position 181, and
valine for leucine at position 183. A PCR based assay for these two mutations was
developed (AS-PCR - allele-specific DNA amplification).

In a "random sample" of 163 patients unselected for allergic disease
(undergoing venesection for other purposes), 25 were found to carry the Ile181Leu
mutation, but none, the Val183Leu. A total sIgE greater than 100 IU/ml was
present in 41 (25%), of whom 11 carried the Leu181 mutation (OR=3.1,
95%CI=1.2-7.5). A similar association was found for the presence of grass pollen
specific IgE (OR=2.6, 1.1-6.4).

The Leu181 mutation was also found to segregate in 10 of 60 of the atopic
nuclear families from section 6.1.3. In each family, the mutation was transmitted
from the mother (and was present in the proband). Among 14 nonproband
offspring, four were atopic, and two carried Leu181; none of the ten nonatopic
offspring carried the mutation. Furthermore, the two "sporadics" arose in bilineal
atopy - that is the father was atopic, and did not carry Leu181.

In the Busselton family study [Hill et al 1994], 232 nuclear families (1020
individuals, 556 children) were typed for the Leu181 mutation in the FcεRI β-
subunit gene. This was found in 28 subjects. There were 8 children carrying the
gene where the parent of origin was the mother - three with asthma, the remaining
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five with hayfever. Specific IgE and skin prick test wheals to house dust mite (as
well as a sum of RAST scores) were significantly higher than in controls on
Wilcoxon test - the most appropriate in view of the clustered nature of the data
[Shirley & Hickling 1981].

Subsequently [Hill & Cookson 1996], they have described another
polymorphism in the Busselton population, Gly237Glu, in exon 7. An ASO-PCR
assay was developed, and demonstrated this mutation to be present in 53 of 1004
subjects. These individuals exhibited larger wheals to mixed grass allergens and
house dust mite, more asthma, as well as increased BHR to methacholine. Serum
IgE levels were only slightly higher (68.0 v 46.4 IU/ml). There was no parent of
origin effect for this polymorphism (17 paternal, 13 maternal).

Shirakawa et al [1996a, 1996b] have reported a case-control study of
FcεRIβ, using 500 atopic patients (allergic - early and late onset - and nonallergic
asthma, hayfever or eczema) ascertained via Osaka hospital clinics were compared
to 100 controls (disease status presumably unknown) attending a "health
examination company". Initially, they found no Leu181 mutations either by ASO-
PCR in the entire sample, or via sequencing in 10 atopic subjects. Therefore they
developed RFLPs in intron 2 of FcεRIβ (Rsa 1), CD20 and GIF. Significant
differences in genotype frequencies were detected for the FcεRIβ polymorphism
between the controls (AA: 89; AB: 10; BB: 1) and several different subgroups of the
patients, most strongly for childhood onset allergic asthma (AA: 50; AB: 42; BB: 8),
and not at all for the intrinsic asthma group (AA: 86; AB: 11; BB: 3). There were
no such effects for CD20 or GIF.

When they tested for the Gly237Glu mutation [Shirakawa et al 1996b], this
was found in 6/100 controls, but 16/100 adult atopic asthmatics (P=0.025) and
20/100 child asthmatics (P=0.005). It was not significantly increased in the
nonatopic asthmatics (8/100), but was markedly increased in the subgroup with a
total sIgE greater than 1000 IU/ml.

Weaker evidence for association in the region was described by Holgate et
al [1996]. As part of the Southampton study described above, allelic effects of two
markers were detected on different phenotypes: allele 168 of D11S527 with BHR
(P=0.0003, Bonferroni corrected for 13 alleles P=0.004), and allele 235 of D11S534
with total IgE (P=0.007, Bonferroni corrected for 14 alleles P=0.09).

6.2.19 Other association studies of 11q13: Weaker evidence for
association in the region was described by Holgate et al [1996]. As part of the
Southampton study described above, allelic effects of two markers were detected
on different phenotypes: allele 168 of D11S527 with BHR (P=0.0003, Bonferroni
corrected for 13 alleles P=0.004), and allele 235 of D11S534 with total IgE
(P=0.007, Bonferroni corrected for 14 alleles P=0.09).

Martinati et al [1996] used the published AS-PCR assay to look for the Leu
181 mutation in all 213 subjects. As in Shirakawa et al [1996b], no mutations were
detected. Similar findings were reported by Hill [1996], a sample of 65 asthmatics,
Kofler et al [1996] in 40 atopic subjects (30 asthmatics), and in the present study
[Duffy et al 1996], where no Leu181 mutations were present in the total 939
subjects tested (MZ and DZ twins, available parents of DZ twins and unrelated
controls). In the latter three studies, the AS-PCR results were confirmed by
sequencing in some or all of the atopic subjects.
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6.2.20 An association "scan" of 11q13: Because of these replication
difficulties, Adra et al [1998] "stepped back" and looked at allelic association at 9
candidate loci across 12 cM of 11q13 using 125 atopic asthmatics and 150 controls
taken from a British sample. Three variants within FCER1B and one with HTm4
(the CD20L (CD20 like) gene, a hematopoeitic cell specific surface marker cloned
by Adra in 1994) were associated with asthma, positve HDM RAST, and atopy.
There was strong disequilibrium between FCER1B and HTm4 polymorphisms.

We can conclude that Leu181 and Gly237 may be functional mutation(s) in
the FcεRI β-subunit that lead to atopy. It seems just as likely that they are in
disequilibrium with the trait polymorphism, although the FcεRI β-subunit remains the
most likely site for this. The gene frequencies of only 3% and 5% respectively in
the general population sample from Busselton, and even in the enriched sample of
families from Oxford, only ∼10% carried Leu181. The maternal effect seems to
hold up, though the data still does not clearly point to the mechanism for this.
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Table 6.4 Studies of linkage of atopic disease to chromosome region 11q. If
multiple publications including the same families have been published, only the
most recent results are included.

Study No. subjects
(families)

lod Score Comment

Cookson et al [1989] (7) 6.4 to D11S97 (10 cM)

Young et al [1992] 281 (64) 5.2 to D11S97 (M 18
cM, F 0.1 cM)

Inacio et al [1991] 83 (17) No linkage to D11S97

Shirakawa et al [1991,1994] (4) 4.88 to D11S97 Selected pedigrees: used 4 of
136.

Amelung et al [1992] 117 (20) < -2.0 within 12 cM of
FGF3

Families linked to chr 5.

Hizawa et al [1992] 60 (4) < -2.0 within 4 cM of
D11S97

Lympany et al [1992] 89 (9) < -2.0 within 4 cM of
FGF3

Rich et al [1992] 67 (3) < -2.0 within 5 cM of
D11S97

Coleman et al [1992] 407 (95) -7.88 multipoint
D11S97, PGYM, CD20

12 families with affected
mothers and unaffected fathers
gave lod 0.8

Collee et al [1993] 52 (26) increased ASP sharing
D11S97

Brereton et al [1994] (12) negative lod

van Herwerden et al [1995] 246 (123) increased ASP sharing
FcεRI-βca

Duffy et al [1994] 424 (212) no increase ASP
sharing FcεRI-βca

Unable to detect Leu181
mutation

Watson et al [1995] 560 (131) negative lods for 3
markers

Combined segregation-linkage

Martinati et al [1996] 213 (45) no increase ASP
sharing FcεRI-βca

Unable to detect Leu181
mutation

Noguchi et al [1997] 306 (68) weak H-E result for
sIgE and FcεRI-βca

Negative ASP analysis

Neely et al [1996] 218 (12) increased ASP sharing
(and positive TDT)
INT2, D11S1369
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6.3 Chromosome 5 atopy gene

6.3.1 Marsh et al: In the same 11 Amish families discussed above, sib-pair
linkage analysis of total sIgE, mite- and multiallergen-specific (chemiluminescent
immunoassay) sIgE was performed using markers from the 5q (5q31.1-33)
lymphokine gene cluster. Significant evidence of linkage between total, but not
specific, sIgE and polymorphisms in the IL-4, IL-9, and Interferon Regulatory
Factor-1 genes were detected in SIBPAL analyses. However, IL-3, IL-5, CD14,
CSF-1 receptor, and a lymphocyte-specific glucocorticoid receptor are also close
neighbours, and as such, good candidates for disease genes. If the analysis was
restricted to the 128 pairs without any detectable allergen-specific IgE (from a total
of 349), probability of linkage increased, while age and sex adjustment made
minimal difference. A replication has also been reported by Borish et al [1994].

6.3.2 Meyers et al: The study of asthma families from Groningen has also
confirmed the presence of linkage to the 5q region of total IgE level as well as
nonspecific bronchial hyperresponsiveness [1994]. There were 92 families
containing 538 individuals studied, all ascertained through a hospital diagnosed
asthmatic parent (in the case of nuclear families) originally studied 1962-70.
Histamine challenge testing, skin testing, and measurement of total, mite- and
grass-specific serum IgE levels were performed on all family members.

A preliminary Class D regressive segregation analysis of logIgE level was
consistent with the presence of a common (increasing allele frequency 59%)
autosomal recessive gene with a residual sib-sib correlation for IgE levels of 0.27
(general model log likelihood, -520.35; polygenic with one distribution, -534.6;
environmental with three distributions, -530.8; codominant, -523.3; recessive with
µL=41.7 and µH=436.5, -523.8). An analysis with PAP reached similar parameter
estimates P=60%, µL=22.9 and µH=239.9.

A sib-pair analysis (SIBPAL) of logIgE level confirmed the presence of
linkage between the 5q interleukin cluster region and log IgE level (Table 6.5).
This closely paralleled findings for BHR treated as a discrete trait (PC20>32 mg/ml
histamine versus PC20≤32 mg/ml - see Table 6.6). When BHR was modelled as a
continuous trait with log sIgE as a covariate, the evidence for linkage persisted
(P<0.002). I would interpret this last finding as a comment on the
repeatability/validity of each measure in isolation as a measure of atopy. A
parametric linkage analysis in PAP under the preferred model gave a lod score of
3.56 at θ=0.10.
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Table 6.5. Sib-pair analysis for log-transformed serum IgE level versus 5q
region markers.

Marker df (pairs) P

IL9 131 0.07

D5S393 248 0.01

D5S436 282 0.0003

CSF-1R 226 0.03

D5S410 239 ---

D5S412 252 ---

D5S415 230 ---

Table 6.6 Sib-pair analysis of bronchial hyperresponsiveness to histamine
versus 5q region markers.

Marker df P

IL9 16 0.14

D5S393 22 0.04

D5S500 35 0.09

D5S658 35 0.03

D5S436 35 0.009

FGF1 25 0.02

D5S434 34 0.08

D5S470 35 0.10

CSF-1R 20 0.05

D5S410 20 0.31

D5S412 33 0.05

D5S415 22 1.00

6.3.3 Borish et al: This abstract [1994] describes polymorphisms (SSCPs)
in the IL-3, IL-4 and IL-9 genes on chromosome 5q. "A possible linkage between
the IL-4 polymorphism and IgE may occur". I await the complete report.

6.3.4 Blumenthal et al: This group [1996] reported an absence of linkage
of chromosome 5q markers to sIgE level in their four large atopic families (110
typed individuals). Maximum likelihood linkage analysis (under a common
dominant gene model), and Haseman-Elston analysis using SIBPAL, were
performed.

The maximum lod score among 12 markers spanning chromosome 5 was
0.06 (θ=0.23), with LOD scores of -2.3 at θ=0 for IL-9, and less damningly, -0.4 at
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θ=0 for IL4-R1. Similarly, the best P-value from SIBPAL was 0.29.

6.3.5 Laitinen et al: This study [1997] found neither association and
linkage to 5q in asthma families from Finland. Families containing at least one self-
reported asthmatic were recruited by advertising within one province (Kainuu).
There were 51 multiplex families and 105 uniplex families (used for TDT) where
probands met the study diagnostic criteria for asthma. These required agreement
between two study respiratory physicians based on medical records, and bronchial
challenge. The authors found 87% of volunteers met these criteria. A total of 487
subjects underwent total and specific (eight allergens) sIgE determination and
genotyping at 17 markers spanning D5S404, IL4, IL9, to D5S413.

Mapmaker-Sibs analysis of sIgE (73 pairs) did not find strong evidence for
linkage to the region (t-values running from 0.9 to 1.6), and Genehunter NPL
scores for asthma were consistently negative. No specific haplotypes were
increased among subjects with sIgE>100 kU/ml. An IL9 polymorphism (T113M)
was found in 38/253 atopics (high sIgE), 43/323 asthmatics, and 80/542 of the
entire sample. The authors also present a refined (radiation hybrid based) physical
map of the region.

6.3.6 Noguchi et al: As noted above, these authors [1997] report evidence
for linkage between atopic asthma, atopy and sIgE level and several 5q31-33
markers in a relatively small sib-pair based study. The Haseman-Elston analysis
(single-point, SIBPAL) of sIgE gave a best t=-2.83 (df=91, P=0.003) for IL4 (IL9 t=-
1.89, df=79, P=0.03; D5S393 t=-2.28, df=89, P=0.01). The affected sib-pair (and
discordant sib-pair) results for asthma and atopy were similar (Table).

Table 6.7. Mean ibd sharing in sib-pairs from Noguchi et al [1997]. There were
60-73 ASPs (27-46 DSPs) for atopy, and 32-42 ASPs (44-68 DSPs) for asthma.

Mean ASP ibd (P-value) Mean DSP ibd

Atopy

IL4 0.58 (P=0.006) 0.41

IL9 0.55 (P=0.01) 0.43

D5S393 0.61 (P<0.00001) 0.52

D5S436 0.51 (P=0.42) 0.41

Asthma

IL4 0.62 (P=0.0013) 0.49

IL9 0.60 (P=0.018) 0.48

D5S393 0.60 (P=0.007) 0.57

D5S436 0.49 (P=1.00) 0.51

6.4 Chromosome 12 atopy genes

Gamma interferon (IFNG, 12q13) plays an important role in T-cell regulation
that makes it another good candidate gene for involvement in allergic disease. The
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first published examination of this region was that of Watson and coworkers
[Watson 1995]. The maximal lod score for IGF1 (tightly linked to D12S318 and
PAH and approximately 30 cM distal to IFNG) was 0.09 at 25 percent
recombination distance.

6.4.1 Barnes et al: Barnes and coworkers [Barnes 1996] have reported
evidence of linkage and association between asthma and tIgE over a region
stretching from close to IGF1 up to IFNG in two different populations -- the Amish
families originally used to detect linkage to 5q, and a sample of 29 Barbadian
pedigrees (693 individuals) ascertained through a proband with a history of asthma.

Asthmatic sibpairs exhibited increased ibd sharing at D12S379 (61.8
percent), D12S95 (67.2 percent), PAH (58.5 percent) and D12S360 (58.6 percent).
Similarly, Haseman-Elston regression analyses were significant for PAH and
D12S360. In the Amish sample, where a diagnosis of asthma was not available on
any family members, there were significant Haseman-Elston results for D12S360,
IGF1, as well as PLA2. Several replications of this finding have been recently
presented {Holgate 1997}.

6.4.2 Collins et al: The Southampton group performed further analysis of
their 240 families for linkage to 12q markers under their nonparametric BETA
model [Morton 1996]. The best single point lod score was 3.3 for wheezing and
D12S366, and the multipoint peak of 2.3 was near D12S97.

6.5 The β2-adrenoceptor

As noted earlier, Szentivanyi [Szentivanyi 1968] proposed the unifying
hypothesis that asthma represents an underresponsiveness of the lungs to
sympathetic neurotransmitters, suggesting the beta adrenergic receptor (ADRB) as
the most likely site for this. A number of recent studies have looked at functional
mutations in ADRB (5q31-32).

6.5.1 Potter et al: The frequency of an RFLP in the β2-adrenoceptor was
measured in 42 atopic children and 30 controls by these authors [1993]. Two
alleles were recognised, but were equally frequent in both both groups. There was
apparently little polymorphism in this receptor, as over 50 restriction enzymes were
screened to obtain this RFLP.

6.5.2 Reihaus et al: By contrast, nine point mutations of the β2-
adrenoceptor among 107 subjects (51 asthmatic). No excess of a particular
polymorphism was found in the asthma group compared to controls, but an
Arg16→Gly mutation (56% of the overall sample) was found more commonly in
steroid-dependent asthmatics compared to less severe asthmatics.

6.5.3 Hall et al: This paper [1995] describes a similar study of the β2-
adrenoceptor polymorphism in 65 asthmatics. These authors concentrated on the
R16G (Arg16→Gly) and another, Q27E (Gln27→Glu), mutation found to be common
by Reihaus et al [1993], although the frequency of the latter did not differ between
asthmatics and controls. However, in vitro studies have suggested that the Q27E
mutation might be associated with diminished downregulation after agonist
exposure [Green et al 1994].
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The frequency of the Glu27 mutation was 55% in this sample. Glu27/Glu27

homozygotes were more likely to be atopic (trend χ2
1=3.1, P=0.08), and exhibited a

significantly higher PD20 to a methacholine Yan challenge (P=0.03) than Gln27/Gln27

homozygotes. No effects of R16G were detectable. The absence of controls and
small sample means replication is needed.

This group [Tan et al 1997] reanalysed three previous studies (total N=22)
including Hall et al [1995] to conclude that the Gly16/Gly16 carriers became more
desensitised to formoterol than asthmatics carrying Arg16/Arg16.

6.5.4 Turki et al: This study [1994] compared 23 nocturnal asthmatics
(who tended to have a lower mean diurnal FEV1, and to be more likely to be
steroid dependent) to 23 "normal" asthmatics. The R16G frequency was 80.4
percent in the nocturnal group, and 50.0 percent in the nonnocturnal group
(P=0.004).

6.5.5 Kowalski et al: This abstract [1997] compares the frequencies of
the two polymorphisms in 60 atopics ("seasonal asthma and/or rhinitis") and 47
history and SPT negative controls. The table they give is hard to interpret, but
suggests a severe dearth of Gln27/Glu27 heterozygotes among the cases (HWE
χ2

1=37.4; cases versus controls χ2
2=27.4).

6.5.6 Dewar et al: The Southhampton group [1997] compared the
frequencies of the two polymorphisms in 324 members of 60 families ascertained
for asthma. In the combined segregation-association analysis using COMDS,
asthma and atopy were not correlated with either polymorphism. However, sIgE
was (P=0.009). There was also weak evidence for linkage between sIgE and the
position 27 ADRB polymorphism (with NOPAR, P=0.04).
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Table 6.8. Studies of association between asthma and beta adrenergic receptor
(ADRB).

Polymorphism Study
Mutation frequency (No.

subjects)

All Asthmatics Controls

RFLP Potter et al [1993] (42) (30)

Arg16Gly Reishaus et al [1993] 71.6% (51) 73.2% (56)

Turki et al [1995] 66.7% (45) ---

Kowalski et al [1997]* 31.7% (60) 41.4% (47)

Dewar et al [1997]** 67% (321)

Gln27Glu Reishaus et al [1993] 49.0% (51) 49.1% (56)

Hall et al [1995] 55.0% (65) ---

Turki et al [1995] 51.1% (45) ---

Kowalski et al [1997]* 43.3% (60) 51.1% (47)

Dewar et al [1997]** 48% (322)
* Seasonal asthma and/or rhinitis.
** All members of family ascertained through multiple asthmatic probands.

6.6 Other asthma/atopy loci

6.6.1 Brereton, Turner and Ruffin : In a recent abstract [1990], this group
reported early results of a linkage study of atopic asthma in two kindreds. The
Jeffries 33.15 "fingerprint" probe was used, and a unique fingerprint element
appeared to be linked to asthma and allergy (family 1 Zmax=1.3, recombination
frequency=0.1; family 2 Zmax=0.9, recombination frequency=0.0). It should be
noted that Cookson et al [1989] mention that they had examined this particular
probe for linkage - presumably without success. Indeed, on the extension of this
study [Brereton et al 1994] to a total of 12 extended pedigrees, the linkage, now
localised to 8pter-p22, failed to be replicated in the other 11 families.

6.6.2 Walter et al: These authors [1990] examined 5 highly atopic subjects
for DNA structural abnormalities around the immunoglobulin heavy chain gene
cluster on 14q32.3. One subject was found to have a deletion of the region
containing the IGHA1 through to IGHE genes. This was not present in the parents.
Since the population rate of heterozygous deletions in this region is 3%, this can
only explain a small proportion of cases of atopy, but may be a modifier of disease
effect in these patients [Fujii et al 1995].

6.6.3 Moffat et al: Linkage between the T-cell receptor (TCR) αδ subunit
genes and atopy was reported by Moffat and coworkers [Moffat et al 1994].
Families containing at least two atopic siblings were ascertained in the Busselton
study (413 subjects), as well as from the Oxford samples (410 subjects). Mean ibd
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sharing was increased for TCR α-subunit alleles in sib pairs concordant for several
different phenotypes including high IgE level (P=0.002), house dust mite (P=2x10-4),
cat (P=6x10-5) and timothy grass (P=0.02) allergen sensitization. No such linkage
was seen for a TCR β-subunit polymorphism.

A number of twin studies have looked at (peripheral blood) T-cell receptor
gene usage. These show that MZ twins are correlated in the proportions of each
gene family used, more strongly for the Vβ than Vα, and in CD4 rather than CD8
cells [Hawes et al 1993; Davey et al 1994]. These correlations are only partly
mediated via HLA [Akolkar et al 1995; Troye-Blomberg et al 1997].

These twin studies have attempted to measure "baseline" usage, and have
concluded that they are under strong genetic control. This means that it
is difficult to invoke non-genetic differences in TCR gene usage as an discordance
between MZ twins for atopy based on VDJ recombination mechanism.

One possibility is that usage in sensitised individuals like those in our study
are skewed by clonal proliferation, stimulated by exposure to allergen. In one set
of MZ twins discordant for asthma, Davey and coworkers [1994] found no
differences in Vβ usage in CD4 cells, but significant differencesin CD8 cells
persisting over a one year period. Another is that just as the same peptide can be
presented successfully by many different Class II molecules, Vβ usage patterns
may bear little relationship to the presence or intensity of the allergic response to
even purified peptide.

6.6.4 Shirakawa et al [1998] on BCL6 : BCL6 is a protooncogene (3q27)
mutated in Hodgkin’s disease. Knock-out mice seem to be skewed to a Th2
hyperresponsiveness, with eosinophilia etc. These authors performed a case-
control study within their British panel. There was no significant association with
asthma or atopy per se, but subgroups with severa atopy (RAST to HDM and grass
mixture) gave a hint of a relationship (P=0.01, uncorrected).

6.7 Genome scans for asthma and atopy

6.7.1 Daniels et al: The first genome scan to be published [1996] was of
two subsamples from the Busselton (80 families, 364 subjects) and Oxford (77
families) study families, with the Oxford families being used to replicate any positive
findings in the first panel. The chromosome 11 findings were of course replicated.
Different regions of the genome gave positive results for differing phenotypes:
BHR was linked to chromsomes 4, 7 and 16; tIgE to chromosomes 6, 7, and 16;
eosinophil count to 6 and 7; atopy (combining skin tests and IgE) to 6 and 13.
Replication in the second panel was of atopy to chromosomes 13, and of asthma
to chromosome 16. Interestingly, maternal linkage was stronger than paternal
linkage for, in addition to FcεRIβ, markers on chromosome 4 and 16.

6.7.2 CSGA: This is the first genome scan specifically targetting asthma
[1997]. The Collaborative Study for the Genetics of Asthma is a multicentre study
funded by the NHLBI and NIAID. This first paper reported on 140 families were
ascertained to contain an affected sib-pair where both suffered "definite" asthma
(current symptoms, consistent history or medical diagnosis, and BHR to
methacholine). These were recruited from seven geographical locations in the US,
selected to represent populations of Caucasian, Hispanic and African descent. As
noted earlier, black Americans have higher rates of asthma than whites.
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A multipoint affected-sib pair analysis was performed within each ethnic
subgroup. The highest overall Maximum Lod Score (MLS) was 2.30, for 2q33 in
Hispanics. Interestingly, there was little replication across the different ethnic
groups, though the size of each stratum was relatively small (Table).

Table 6.x Chromosomal regions suggestive of linkage to asthma in the CSGA
genome scan [1997].

African-American Causasian Hispanic

Number
Affecteds

125 200 46

Number SPT
Positive

70% 75% 87%

Geometric
Mean sIgE

275 IU/ml 149 IU/ml 277 IU/ml

Regions with
MLS>1

5p15, 17p11-q11 (5q)*, 6p, 11p15,
12q14-24, 14p,
19q13

2q33, 21q21

* MLS=0.9.

In a recent abtract, Cox et al [1998] looked for correlations in nonparametric
linkage score (GENEHUNTER NPL score) between different regions, arguing these
will only occur in the presence of epistasis. This analysis suggested 1p, 2q, 10q as
likely "true" positives.

6.7.3 Koppelman et al [1998] : An extended sample of 141 families from
the Groningen asthma study (nuclear families ascertained via an affected parent)
underwent a genome scan (Weber set 8). This confirmed the linkage to 5q31.
Total sIgE level was linked to Chromosome 12, but not 11 or 13. A multipoint lod
of 2.3 was obtained for BHR (as a dichotomous trait).
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6.8 HLA and atopy

Two types of relationship between the HLA region and atopy have been
explored. The first is that asthma and/or atopy (ie generalised IgE
hyperresponsiveness) might be controlled by a major gene in this region. I find the
evidence in favour of this hypothesis largely unconvincing. The second possibility
is the existence of genes controlling the response to particular allergens - immune
response genes. This does seem to be the case.

6.8.1 Turton and others : A number of studies were undertaken in the
1970s to find any HLA association with asthma and atopic disease. Any
associations with the exception of the specific one between ragweed pollinosis and
HLA-DR2 (see below), have been weak and contradictory. Those studies prior to
1977 are summarised by De Weck et al [1977]. One of the largest study of this
question is that of Turton et al [1979].

This group examined HLA haplotype in 122 asthmatics recruited through
Brompton Hospital, and 10 families (N=68 individuals) where more than one
member suffered from asthma. The asthmatics were divided into skin test and
allergy history negative (N=41), extrinsic atopic asthmatics (N=40), and those with
allergic bronchopulmonary aspergillosis (ABPA, N=41). All patients underwent skin
prick testing for 23 common allergens, chest X-ray, spirometry with bronchodilator
test, total sIGE level determination and HLA typing. Multiple χ2 tests were
performed on the HLA data.

The frequencies of the various HLA types among the asthmatics did not
differ significantly from population control values save in four cases: HLA-B8 in
intrinsic asthmatics (versus controls RR=2.7), HLA-B15 and extrinsic asthmatics
(RR=3.6), a dearth of HLA-B7 in ABPA (RR=0.36), and HLA-A2 in subjects with
high sIgE versus low sIgE (RR=3.5). The authors were cautious about interpreting
these results in view of the large number of comparisons performed. Within the
family data, there was no association between HLA haplotypes and asthma, allergic
disease or elevated sIgE level.

The authors concluded that no biologically important associations between
HLA type and asthma/allergy exist, and suggested that most of the previous
reported associations were due to chance compounded by the usually large
number of statistical comparisons made.

6.8.2 Caraballo et al: This group [1990] examined HLA segregation in
twenty Columbian nuclear families (N=107) ascertained to contain two atopic
asthmatic probands. All probands were allergic to D. farinae on SPT. No
associations between HLA haplotypes and asthma were detected. In sib-pair
analyses, there was evidence of linkage to asthma (sharing two haplotypes: 14;
one: 5; nil: 1; χ2

2=21.9). This finding is most consistent with an autosomal
recessive major gene (on chromosome 6).

6.8.3 Blumenthal et al: The results of this study [1992] may bolster that
just discussed. A sample of 128 ragweed atopic individuals along with 52 relatives
and 28 spouse controls were HLA haplotyped, and had total and Amb a V specific
sIgE levels determined. One extended haplotype (HLA-B7, SC31, DR2) was
increased in asthmatics sensitised to Amb a V, but not in ragweed sensitised
rhinitics.
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6.8.4 Moffat and Cookson : Another study in the Busselton sample [1997]
looked for associations between asthma and HLA region III genes. There were 92
asthmatics ("[h]ave you had an attack of asthma on more than one occasion") and
318 nonasthmatics, all of whom were typed at HLA-DR, an RFLP polymorphism in
the lymphotoxin α gene (LTαNcoI), and a promotor variant in the TNF gene (A->G
at position -308). The LTα (or TNFβ) gene LTA, and TNF (or TNFα) gene TNF
map adjacent to one another on 6p21.3. The polymorphisms are in linkage
disequilibrium with each other and the HLA-A1/B8/DR3 haplotype associated with
autoimmune disease, and have been previously reported to influence TNFα levels.

The allele frequencies in the control sample (see Table 6.7) are similar to
those from other studies. There was no deviation from HWE (LTA χ2

2=0.16; TNF
χ2

2=0.47), but strong linkage disequilibrium between the two markers (D=0.58 in the
nonasthmatic group and 0.70 in the asthmatics) was present. Asthma was found
to be associated with LTA and TNF: the frequency of LTA*1 was 45% in
asthmatics and 33% in controls (χ2

1=8.97); for TNF*2, they were 30% and 18%
(χ2

1=10.3). Examining haplotypes, the frequency of LTA*1/TNF*2 was 29% in
asthmatics and 16% in controls.

Most interestingly, a case-control study from the Gambia [McGuire et al
1994] has found the TNF*2 allele to be associated with a seven-fold increase in
cerebral malaria. The allele frequency in controls under this strong selection is still
16% (very similar to that in Taiwan, 14% [Chen et al 1997]). The authors conclude
that strong balancing selection must exist in The Gambia. Apropos of asthma,
animal models reviewed elsewhere have also found linkage to TNF.

Table 6.7 Lymphotoxin-α and Tumour Necrosis Factor gene polymorphisms and
asthma [Moffat & Cookson 1997].

LTαNcoI TNF(-308)

1/1 1/2 2/2 1/1 1/2 2/2

Asthma
Yes 19 42 27 44 36 8

No 35 137 141 211 89 12

6.8.5 Huang et al and TNF: These authors [1997] tested for an
association between the TNF*2 allele and chronic bronchitis in 42 Taiwanese cases
(29 smokers, 13 nonsmokers, mean age 69 years), 42 age-sex-smoking history
matched controls, and 99 schoolchildren. There was no significant difference in
allele frequencies between the two control groups (2.4% versus 5.1%), but the
cases carried significantly more TNF*2 alleles (19%, hybrid Fisher test P=0.0001,
Table). There was no difference in allele frequency between smoking and
nonsmoking cases (P=0.76).

6.8.6 Pignatti et al and TNF: This abstract [1998] describes a study f 131
Italian families (600 individuals). A sib-pair linkage analysis found increased
sharing at LTA (NcoI polymorphism), but not TNF (-308), among pairs for SPT and
atopy (SPT or high IgE, P=0.015), but not BHR or asthma. This may have been
driven by an association between the LTA*2/LTA*2 and high IgE levels seen in
women (P=0.003), but not in men.
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Table 6.8 Tumour Necrosis Factor gene polymorphisms and chronic bronchitis
[Huang et al 1997].

TNF(-308)

1/1 1/2 2/2

Chronic bronchitics 27 14 1

Matched controls 40 2 0

Child controls 89 10 0

6.8.7 Marsh and others on allergen specificity : As alluded to earlier, this
group has reported a HLA association specific to ragweed pollinosis. These
findings were extended in a paper by Zwollo, Ansari and Marsh [1989], where the
results of a linkage study using full length HLA-DRβ, DQβ and DQα cDNA strands
were reported. Unrelated subjects were recruited via an allergy clinic (N=16
individuals) and from the previously discussed Westinghouse Electric Corporation
study (N=29), demonstrated skin atopy to short ragweed and had undergone
immunisation with the ragweed allergen Amb a V (formerly Ra5) as part of another
study. Subjects were divided into groups:
(I) DR2+ Dw2+ pre immunisation anti-Amb a V IgE and IgG antibodies (N=8)
(II) DR2+ Dw2+ post immunisation anti-Amb a V IgG antibodies only (N=6)
(III) DR2+ Dw2- no anti-Amb a V antibodies (N=5)
(IV) DR2- Dw2- no anti-Amb a V antibodies (N=18)
(V) DR2+ Dw2+ preimmunisation anti-Amb a V antibodies (N=1)
(VI) DR2+ Dw2+ no anti-Amb a V antibodies (N=1)
(VII) DR2- Dw2- preimmunisation anti-Amb a V antibodies (N=2).
Hypersensitivity specific to Amb a V occurred only in those subjects possessing the
DR2/Dw2 phenotype with 2 exceptions (group VII). After a screening procedure
(pooling DNA from Groups I-III and Group IV), the DRβ associated RFLPs arising
after digestion with EcoR1 were examined. A 6.5 kB fragment was present in all
DR2+ subjects, that is 88% of the Amb a V sensitised subjects, and 25% of the
nonsensitised subjects. Similarly, a 2.3 kB RFLP was found for the DQβ probe
after EcoR1 restriction that was present in 82% of the sensitised patients and 21%
of the nonsensitised patients. Subjects carrying both associated polymorphisms
made up 14 of the 17 sensitised patients and 1 of the 24 nonsensitised subjects
(Fisher exact test p2 tail=5x10-7).

In the discussion, the authors stated that these results confirm the already
strong association between sensitisation to Amb a V and HLA phenotype, but did
not shed any light on the responders who did not exhibit this HLA type. They draw
an interesting comparison between the allergy associated 2.3 kB DQβ EcoR1 RFLP
they have discovered, and the 2.2 kB (later changed to 2.75 kB) fragment reported
to be negatively associated with insulin dependent diabetes mellitus. A negative
correlation between asthma and diabetes has been reported repeatedly over 50
years [Helander 1958].

Marsh et al [1991] also describe work on Amb a VI and HLA-DR5. In 77
ragweed sensitive subjects, significant associations were found between
polymorphisms at the variable second exon of DRB and DQB. Homologies in the
allelic polymorphic 4 region of Dr5 and Dw21/22, both associated with anti-Amb a
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VI IgE, suggested this region to be important.

6.8.8 Perichon et al: Another abstract presented at the 1990 meeting of
the American Society of Allergy and Clinical Immunology [1991] describes
investigation of the weak association between aspirin sensitivity in asthma and the
HLA-DQw2 allele. They found a significant excess of a specific DQ heterodimer
(0201/0301), which has been previously associated with coeliac disease.

6.8.9 O’Hehir et al and HDM: This study [described in O’Hehir et al 1991]
claims an association between DRw12 (DR5) and restricted T-cell recognition of
HDM. Other studies of this association have been more equivocal [O’Hehir et al
1988].

6.8.10 Young et al and HDM: The Oxford group (11q) have also
performed segregation analysis of HDM allergy, following negative results of sib-
pair HLA studies of this trait [1992]. They examined sixty nuclear families
ascertained via asthmatic/atopic child probands as described above. Atopy was
defined using skin prick tests (2mm > negative control) and RAST. No evidence
for a major gene was discovered, and "as much as a third of HDM sensitive
children in these families had parents who were not sensitive to HDM".

6.8.11 Amelung et al and HLA : The Groningen study also examined a
HLA-DR marker D6S105 for linkage with atopy. A LOD<-2 for θ<0.13 was found.

6.8.12 Matsushita et al and cedar pollinosis : These authors [1987]
examined allergic rhinitis caused by allergy to Cryptomeria japonica, which has a
prevalence in the Japanese population of 10-15%. An autosomal dominant genetic
model was found to fit their data, the gene being in negative linkage disequilibrium
with HLA-DQw3. By contrast, a similar study in Japanese subjects with allergic
rhinitis by Sadanaga and Ishikawa [unpublished, reported in O’Hehir et al 1991]
suggested an autosomal recessive pattern, with an increased frequency of DQw3.
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6.8.13 Dekker et al, HLA and aspirin sensitive asthma : Three groups of
subjects were used: healthy controls, aspirin-sensitive and aspirin-insensitive
asthmatics. While the non-aspirin-sensitive asthmatics did not differ significantly
from the healthy controls in DPB1 allele freqencies (hybrid Fisher P=0.11), the
aspirin-sensitive group differed significantly from both other groups (full table hybrid
Fisher P=0.0003, Table 6.8). The differences for HLA-DRB1 were not significant.

Table. DPB1 allele frequencies among asthmatics and controls from Dekker et al
[1997].

DPB1 allele AS Asthma Non-AS
Asthma

Controls

*0101 12 9 4

*0201 18 19 9

*0301 23 5 5

*0401 34 52 47

*0402 14 19 12

*0501 1 0 0

*0601 0 3 2

Other 16 7 17

Total 118 114 96

6.8.14 HLA and soybean epidemic asthma : Soriano et al [1997] report a
study of 78 soybean epidemic asthma sufferers, 67 nonepidemic cases and 336
controls genotyped at HLADR and HLADQ. There was a significant difference
between the three groups in frequency of different DR alleles (hybrid P=0.008),
which was largely driven by an excess of DRB1*05 alleles (particularly DRB1*11)
among the soybean sensitised asthmatics (19% v 9%). There was a decrease in
DRB1*06 alleles in nonepidemic asthma compared to the other two groups, but the
authors concentrated on the finding that the 05/05, 05/06, and 06/06 genotypes
were found only in the epidemic group. No DQ differences were significant.

6.9 The IL-4 receptor

The high-affinity IL-4 receptor is a heterodimer consisting of an α-subunit or
CD124, and a γ-subunit (CD132), and is a member of the hematopoeitin
superfamily. CD124 also makes up part of the IL-13 receptor (with IL-13R β), while
CD132 is also the IL-2 receptor γ-chain. The CD124 gene, IL4R, is located in
chromosomal region 16p12.1, and codes for a 140 kD product. It binds IL-4, and
carries a Stat-6 DNA-binding target site, which is one mechanism for the regulation
of IL-4 levels by Stat-6. A soluble form of the IL-4 receptor may be a regulatory
protein, akin to the role of soluble CD23.

The CD124 protein contains 825 residues. The extracellular domain runs
from residue 26--232, the intracellular from 257--825. Binding of Stat-6, Jak and
Fes tyrosine kinases is to the intracellular domain.
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6.9.1 Hershey et al: Hershey and coworkers from the Howard Hughes
Medical Institute and Washington University [1997] initially searched for mutations
in a set of three patients with hyper-IgE syndrome using SSCP and subsequent
sequencing of CD124 cDNAs. All were found to carry a A->G transposition at
nucleotide 1902, giving rise to a Q576R transposition in the protein. Among seven
subjects with severe atopic dermatitis, there were three heterozygotes and one
homozygotes for the mutant R576 allele.

A sample of 50 hospital staff members underwent RAST (Alternaria, D pter,
and cat dander), and total sIgE determinations. The R576 allele was significantly
more frequent (P=0.001) among atopic individuals than nonatopics (Table).

Table 6.x Frequency of R576 polymorphism in atopic and nonatopic subjects
[Hershey et al 1997].

Group Q/Q R/Q R/R R576 frequency

Atopic 7 12 1 35%

Nonatopic 25 4 1 10%

Importantly, it was shown that R576 carriers expressed twofold higher levels
(2.2, SE=0.14) of CD23 after IL-4 stimulation than Q/Q homozygotes. There was
no difference in Stat-6 binding between wild type and mutant 15-peptides spanning
the residue 576 and its neighbouring phosphorylated tyrosine Y575. By contrast,
SHP-1, a phosphotyrosine phosphatase, did bind less avidly to the mutant. SHP-1
may be involved in the termination of IL-4 signalling, and Hershey et al point out
that familial erythrocytosis is due to a deletion of an SHP-1 binding site in the
erythropoeitin receptor.

6.9.2 Howard et al: This abstract [1998] reports an attempted replication of
this finding using 141 families from the Groningen study. There was no linkage to
asthma for 8 chromosome 16 markers. A case-control study using probands and
their spouses did not detect an association between the Q576R polymorphism and
high sIgE or SPTs.

6.9.3 Yandava et al: Another abstract from the 1998 ASHG meeting
reports a case-control study (138 asthmatics, 128 controls). The Q576R allele
frequency was significantly higher in the asthmatics (χ2

1=9.9). Furthermore, among
controls, the R576 allele was associated with a sIgE>100 IU/ml (χ2

2=22.6).

6.9.4 Tan et al: A third abstract [1998] describes development of an AS-
PCR assay for the Q576R polymorphism. The R allele was marginally more
common in atopics in a sample of Malays (P=0.05), but not Chinese (P=0.6).

6.9.5 Willadsen et al: Carole Ober’s Hutterite study also [1998] obtained
evidence for association/linkage to IL4R via the TDT for asthma and atopy. They
note that D16S401 (5 cM distant) gave a TDT P=3×10-4, but that Q576R did not,
P>0.1. However, other mutations within IL4R, such as Q400 did give weak
evidence for association (asthma, P=0.02; atopy, P=0.04), and the haplotype
Q400/R576 strengthened this slightly for asthma (P=0.004), and Q400/Q576 for
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atopy (P=0.04). This latter finding was considered consistent with a hypothesis of
trait specific alleles, comparing this to Mitsuyasu [1998].

6.10 IL-9 Receptor

The interleukin-9 receptor gene (IL9R) is located in the long-arm
pseudoautosomal region (Xq12 and Yq). It has several autosomal pseudogenes,
and in the mouse is autosomal. The gene encodes a 522-amino acid type I
transmembrane protein, which belongs to the hematopoietin receptor superfamily
and is expressed in membrane-bound and soluble forms. It has binding sites for
several Stat (1,3,5) and JAK1.

6.10.1 Holroyd et al: Holroyd et al [1998] (Roy Levitt and Magainin
Pharmaceuticals) performed a linkage analysis using 57 families (345 individuals)
ascertained through an allergic asthmatic child. There was significant linkage
between DXYS154 and BHR (P=6×10-5), asthma (P=6×10-4) and high sIgE level
(P=0.001) using GENEHUNTER’s nonparametric analysis.

6.11 PAF acetylhydrolase

6.11.1 Miwa et al: Miwa et al [1988] reported the results of biochemical
analyses and a small family study of the enzyme PAF acetylhydrolase, one of the
two enzymes responsible for the degradation and resulting brief half-life of PAF in
serum. An assay for acetylhydrolase was first developed and validated. The
results from 816 healthy adults and 211 healthy children were found to be 1.85 and
1.25 nmol/min/50µl serum respectively, and enzyme levels were found to be highly
reproducible over an up to one year period in 15 subjects. The frequency
distribution of activity in the children was definitely bimodal, while the adult results
were unimodal. There were 40 healthy subjects found to exhibit no acetylhydrolase
activity at all; this did not seem to be correlated with platelet aggregation or other
abnormalities. Familial aggregation of the deficiency was then studied in the
families of 10 deficient probands. Acetylhydrolase activity levels were divided into
normal, less than 1.45 in adults and 1.2 in children, and completely absent. The
pattern of segregation of these three classes was consistent with a codominant
gene for low levels, with the deficiency state representing the homozygote form.
The data for healthy children could also be explained in these terms (see Table
6.8); this fitted well with the expectations of the Hardy-Weinberg equilibrium
(χ2

1=0.61, P=0.44), leading to a estimate of the frequency of the allele for low
levels of 0.25.

Table 6.8 Trichotomisation of PAH acetylhydrolase activity in sample of healthy
children from Miwa et al 1988, and Hardy-Weinberg expectations for frequencies
(codominant hypothesis).

Normal Low Absent Total

Observed 124 79 8 211

Expected 126.69 73.61 10.69
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Levels were next examined in 175 asthmatic children. Lower amounts of
activity were associated with increasingly severe asthma (see Table 6.9).
Complete absence of activity was found significantly more often in the severest
classes of asthma (P<0.01). It seems possible that this genetically determined
enzyme deficiency may modulate the severity of symptoms experienced in asthma,
and the partial deficiency seems quite common in the Japanese population at least.
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Table 6.9 PAF acetylhydrolase activity in asthmatic and healthy children (age 6-12
years) as described by Miwa et al [1988].

Enzyme
Activity

Asthma

Non-
asthmatic
children

No attacks
of wheeze in
2 yrs

<4 episodes
of wheeze
per year

5-9 episodes
of wheeze
per year

>10 episodes
of wheeze per
year

>10 episodes
of dyspnoea
per year

Mean 1.25 1.26 1.27 1.40 1.21 0.99

SD 0.49 0.45 0.47 0.49 0.53 0.59

Number
deficient

8 ---------- 2/133 ---------- ---- 5/42 ----

Number 211 71 29 33 24 18

6.11.2 Stafforini et al: Recently, Stafforini and coworkers [1996] have
identified a Val279Phe mutation that cosegregated with PAF acetylhydrolase (which
they mapped to 6p12-21) deficiency in four Japanese families. It was present in a
further 41 deficient individuals ascertained through a routine annual health
screening, and absent in 84 normal controls. In a further random sample of 127
Japanese individuals the allele frequency was 0.17, agreeing with the earlier
results. Interestingly, the mutation was not found in 108 US subjects. It seems
possible that this genetically determined enzyme deficiency may modulate the
severity of symptoms experienced in asthma, and the partial deficiency seems
quite common in the Japanese population at least. An attributable risk calculation,
contingent on these results being replicable, suggests this mutation could explain
up to 20 percent of asthma in Japan (q=0.2, f2=0.12, f1=0.06, f0=0.04), if the
heterozygote risk is in fact greater than baseline.

6.12 Ronchetti et al on adenosine deaminase phenotypes

Ronchetti et al [1984] examined the relationship between wheezy bronchitis,
atopic asthma and polymorphisms of the enzyme adenosine deaminase.
Adenosine as noted earlier is an important mediator of inflammation and provokes
bronchoconstriction on inhalant challenge in asthmatics. Activity of adenosine
deaminase regulates the intracellular activity of adenosine by degrading it to
inosine and ammonia [Vogel & Motulsky 1986]. The gene for the enzyme is
located on Chromosome 20; four alleles (and a null allele) are known and act in a
codominant fashion. ADA1 and ADA2 are the commonest alleles present in
European populations (p≅0.95, q≅0.05), and the phenotype ADA 1-1 has greater
enzymatic activity than the ADA 2-1 or 2-2 phenotypes.

The authors used a case-control approach, examining the phenotypes of
291 asthmatic children (aged 1 mo to 15 y) treated at the University of Rome
paediatric pulmonary clinic or living in a House for Asthmatic Children (N=56), and
three sets of controls from Rome and the Po delta. Cases were significantly more
likely to express the ADA 1-1 phenotype than controls (89% of cases and 83% of
controls, OR=1.6, 95% CI 1.45-1.7). However, children with an onset of symptoms
prior to age 2, or current age <5 years did not differ significantly from the controls
in terms of phenotypic frequencies. The older asthmatics also had a greater
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number of positive skin tests. Unfortunately the authors do not give a tabulation of
ADA phenotype versus skin atopy, allowing examination of the hypothesis that ADA
might modulate reaginic sensitisation. They do note that adenosine at physiological
concentrations does inhibit IgE mediated histamine release from human basophils.

Three points need to be noted. Firstly, the gene frequencies in the control
group do fit Hardy-Weinberg expectations on a group by group basis, but not after
pooling. However, the differences in gene frequencies between control groups are
not significant (χ2

2=0.12, p=0.95), so that the pooling for comparison with cases is
acceptable. Secondly, the asthmatics over age 5 are biased towards more severe
cases (especially those from the House), so that there might be a gradation of
phenotypic frequencies from less severe to more severe cases. Finally, the ADA
1-1 phenotype is the most common one (80-90% of European individuals), so that
the findings can be better stated as the following: 10% of the population are
protected against developing chronic asthma (an approximately 42% decrease in
relative risk), but given a 5% population prevalence of chronic asthma, the rate
difference between ADA 1-1 and the other phenotypes for asthma will be only 2%.

6.13 Frohlander & Stjernberg and others on haptoglobin

Four studies to date have claimed an association between haptoglobin levels
and respiratory disease. Haptoglobin (Hp) is an 80-160 kD serum α-globulin
(depending on the phenotype). It is a acute phase reactant, and has been
suggested to be a modulator of immune and inflammatory processes, but its main
role is the binding and transport of free haemoglobin. It is an inhibitor of protease
activity. Three main genotypes exist - inheritance is autosomal codominant with
the frequency of the allele Hp1 being approximately 37% in European populations.
Apparently a twin study has suggested that Hp levels are partially under genetic
control, and that levels are not correlated with Hp phenotype [Frohlander &
Stjernberg 1989].

Piessens, Marien and Stevens [1984] were the first authors I can find who
have reported an association between Hp and asthma. Results were gathered for
two series of subjects: one of 86 randomly selected asthma and or rhinitis patients
(presumably from hospital and clinic patients), along with 86 healthy blood donors
as controls; the second series comprising 212 asthma/rhinitis patients selected to
give "an even distribution" of confounders such as age, total sIgE and skin atopy.
Various subsamples had Hp activity, Hp phenotype, serum bilirubin, reticulocyte
count (excluding iron deficiency etc as a cause of haptoglobulinemia), CH50, α-1-
antitrypsin activity, and serum immunoglobulin determinations performed.

The haptoglobin levels in the 86 patients and controls were first examined.
While the control results were unimodal and close to Gaussian in distribution, the
results from the asthmatics and rhinitics were fairly uniformly distributed across the
entire range of Hp activity, having significantly more high and low activity results
than the controls. Hp phenotype was measured for 99 patients from the second
series. The phenotypic frequencies were compared to a previously reported group
of French blood donors and found not to differ significantly. The authors note
however that 14/19 patients with a Hp level of <65 mg% were Hp 2-2, while only
1/29 patients with a high Hp level (>175 mg%) carried this phenotype. Cases with
lower levels of Hp tended to be younger than the high Hp cases, to exhibit more
atopy, whether total IgE, pollen or HDM RAST, have slightly lower mean sIgA and
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WBC, and be on less treatment. That a number of these differences were due
purely to age confounding seems evident.

Kauffman and other workers [1990, 1991] have reported on a two wave
community based panel study of wheezing in a "working population" (bus drivers).
At the first survey, the prevalence of questionnaire-diagnosed wheeze and level of
cigarette consumption in 892 men (age 22-55 years) was compared to the subjects’
Hp levels. There were 29 (3.2%) subjects who reported wheeze, excluding those
with intercurrent respiratory tract infections (RTI). Smokers had increased levels of
Hp (as well as the other acute phase reactants measured) and also of wheezing.
However, wheezy subjects overall had a decreased level of Hp, a finding that
persisted after stratifying for cigarette use (mean adjusted Hp level for wheezers 29
mg%, for nonwheezers 150 mg%).

In the second survey, 310 men from the first study underwent methacholine
provocation testing, and skin atopy to three allergens and total sIgE were
determined. Bronchial hyperresponsiveness (present in 15% of the sample) was
positively correlated with Hp level, even after adjustment for cigarette use and
intercurrent RTI. Skin atopy and total sIgE were unrelated to Hp level. Wheezing
was of course strongly associated with atopy, but Hp level was similar in wheezy
and non-wheezy atopics. A logistic regression with history of wheeze as the
dependent variable found that skin atopy (adjusted OR=3.6), membership of the
lowest Hp decile (OR=3.9), and level of cigarette use (OR=3.2 for those smoking
>30 g tobacco per day) were independent risk factors. The authors concluded by
stating that low level of Hp, "possibly genetically determined", was consistently
associated with wheeze and bronchial hyperresponsiveness, but not with atopy.

Frohlander and Stjernberg [1989] collected serum from 148 asthmatics (69
M,79 F) recruited from a respiratory outpatient clinic. Data collected included age
of onset and family history of asthma, total sIgE, RAST to 12 common allergens,
and haptoglobin phenotype. Atopy (diagnosed by RAST) was associated with early
onset disease (OR=10.5, 95% confidence interval 4-27), and with family history of
asthma (OR=2, 1-4). Among patients with a family history of asthma, there was
significant deviation from Hardy-Weinberg proportions, and from the genotype
frequencies of the control group (see Table 6.10). Further examination revealed
that this difference was due only to the atopic (and therefore early-onset)
asthmatics with a positive family history (FH+); atopy as a whole being not
significantly associated with a difference in frequencies.
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Table 6.10 Distribution of Haptoglobin phenotypes and Hp1 frequencies [from
Fröhlander & Stjernberg 1989].

Subject
Group

Hp phenotype Group Frequency

1-1 2-1 2-2 N χ2* p Hp1

Controls 310 1091 896 2297 0.3729

All asthmatics 23 67 58 148 0.57 0.75 0.3818

FH+ asthmatics 13 16 27 56 9.10 0.01 0.3750

FH- asthmatics 7 42 22 71 3.78 0.51 0.3944

Atopic asthmatics 10 31 33 74 1.05 0.59 0.3446

Nonatopic cases 12 30 23 65 1.38 0.50 0.4145

FH+ atopic cases 9 10 15 34 6.78 0.03 0.4118

* Contingency χ2 for group versus control phenotypic frequencies

The difference in gene frequencies between the asthmatics of any sort and
the control group was not significant. The association lies specifically in the
diminished number of heterozygotes (2-1) and excess of 1-1 homozygotes found
among the atopic FH+ asthmatics (odds ratio for asthma versus genotype for
either= 2.2, 95% confidence interval 1.03-4.56). This shows that the strength of
the association is weak and the number of key cases small (34) - suggesting a
possibility of a Type I error or confounding. The results contradict the conclusions
of Piessens et al reviewed above.

Deviation from Hardy-Weinberg equilibrium can be due to a number of
factors such as: (1) lack of random mating; (2) small breeding population/stochastic
variation; and (3) fitness advantage or disadvantage of a particular genotype [Vogel
& Motulsky 1986]; proof of the presence of disequilibrium and, even more so, its
cause, can be difficult to obtain. In this case, it is quite possible that cases were
obtained from different geographical and population areas.

6.14 Srivavasta and C3 Complement type

Srivavasta, Gupta and Srivavasta [1985] examined 165 patients from a
respiratory outpatient clinic (mean age 31) and compared the allelic frequencies of
the C3 polymorphism from these patients to those from 327 normal adults. An
increase in the gene frequency of the F gene and also the FF and FS phenotypes
was found (see Table 6.11), with an odds ratio for asthma in carriers of the F gene
(versus the S phenotype) of 4.0 (95%CI=1.8-8.8). A number of studies have
suggested a role for complement and/or complement deficiencies in asthma (see
above), but I know of no work correlating the C3 electrophoretic phenotypes with
enzyme function. In view of the studies suggesting variations in frequency of C3F

with age [Sorenson & Dissing 1975], part or all of the difference in frequencies
between cases and controls might be due to age confounding.
Table 6.11 C3 phenotypes and frequency of the C3F gene in cases and controls
[from Srivavasta et al 1985].
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Group
C3 Phenotype C3F

FF FS SS frequency

Asthmatics 0 19 143 0.059

Controls 1 9 301 0.018

6.15 Oxelius and Gm

Oxelius [1990a, 1990b] examined "50 consecutive atopic patients",
presumably attending a paediatric allergy clinic, as there were 41 subjects under
the age of 14. Atopy was defined as a total sIgE >600 kU/l (2 SD above the mean
of their reference population). IgG subclasses levels were determined. Typing on
Gm was performed for G1m(a), G1m(f), G2m(n), G3m(b). The Gm system
represents electrophoretically recognisable different forms of IgG due to variation at
the IgH C regions, and might be expected to be associated with allergic
phenomena, although linkage studies using markers from Chromosome 14 have
not found any evidence for an association.

In the first paper, the G2m(n) allotype was shown to be increased in the
atopic subjects (38/50, 76%) compared to Swedish population controls (58%) from
another study. She also claimed a significant excess (using the "binominal" test) of
the Gm(f,n,b) and Gm(a,f,n,b) constellations, although a G.O.F. χ2 test on the
tabulated results fails to achieve significance (P=0.08). In the second paper, she
goes on to find associations between particular Gm phenotypes and IgG subclass
levels in atopy. IgG1 and IgG4 levels were significantly elevated in the atopic
subjects (as has been reported elsewhere), and were highest in the Gm(f,f,n,n)
phenotype.

In a subsequent study [1993], 34 nonatopic and 35 atopic asthmatic children
were typed. Atopic asthma was characterised by an increased frequency of the
Gm(f,n,b) haplotype and levels of IgG1 and IgG4); nonatopic asthma by increases in
Gm(a, g/a," ",g) and Gm(a," ",g/f," ",b), with decreased IgG2 and IgG3.

I would like to see a replication of this study using age matched control data,
as the frequency of various phenotypes in a number of such systems seems to
vary with age, possibly due to secular changes in breeding populations or selective
withdrawal from the population due to death or illness.

6.16 Angiotensin Converting Enzyme

I briefly reviewed the role of the kinins and kininases in lung pathophysiology
in Chapter 3. Although no systematic differences in serum angiotensin converting
enzyme (kininase II) levels (sACE) between asthmatics and controls have been
documented, a recent study [Benessiano et al 1997] has claimed an association
between the ACE insertion/deletion polymorphism and asthma. The I/D
polymorphism has been shown to be associated to a number of diseases, notably
arterial hypertension and myocardial infarction, and does control sACE levels. A
sample of 79 consecutive asthma patients were recruited through hospital
admission or outpatient referral, and were compared to 33 respiratory patients (14
lung cancer) and 54 hospital staff members, all without a history of atopy. The two
sets of controls did not differ in I/D genotype frequencies (but were not in Hardy-
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Weinberg equilibrium), but the asthmatics were significantly more likely to carry the
I allele (χ2

4=14.32, P=0.006).

Table 6.12 Insertion/deletion polymorphisms of the angiotensin converting enzyme
in asthmatics and controls.

Group I/I% I/D D/D

Healthy controls 27 58 15

Nonasthmatic patients 27 61 12

Asthmatic patients 47 38 15

6.17 Animal models of asthma and bronchial responsiveness

As in other complex diseases, a number of useful animal models of asthma
have been developed. The use of standard crosses and recombinant inbred lines
greatly increases the power of linkage methods to detect genes of small effect,
especially in the case of quantitative traits associated with asthma. The traits
currently most intensely studied in mice have been BR to methacholine [De Sanctis
1995], allergic sensitization such as ovalbumin and sheep erythrocytes, mediators
such as PAF [Zhang 1995], and chemical irritants such as ozone [Young 1995].
Such analyses have detected the presence of at least four significant loci, the
effects of some overlapping over the different challenges, the locations of which
correspond to good human candidate gene regions.

De Sanctis and coworkers [De Sanctis 1995] recently described such a
linkage analysis in 321 mice from high BR (A/J) with a low BR (C57BL/6J) strain
backcrosses. Three loci were detected, explaining 26% of the genetic interstrain
variance (backcross heritability was 50%). The mouse candidate genes in these
regions were tumour necrosis factor alpha (human homologue TNF, 6p), interleukin
(IL2, IL3) receptors (22q), and platelet derived growth factor B chain (22q). The
A/J strain develops increased BR and airway inflammation following ozone
exposure [Young 1995], which is attenuated by anti-TNF antibody pretreatment
[Ewart 1996]. Ewart and coworkers [Ewart 1996] added a fourth locus, possibly IL5
(5q), in another study of BR in the A/J strain. This latter finding may be regarded
as further support for the human studies of 5q [Marsh 1994], [Meyers 1994]
[Postma 1995], as may the report of another locus syntenic to 5q31.1 modifying the
Th1/Th2 responses [Gorham 1996].
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7 TWIN STUDIES OF ASTHMA AND ALLERGY

7.1 Earlier studies

7.1.1 Wuthrich et al: Total and specific sIgE level, and skin atopy were
studied in 50 pairs of twins (30 MZ pairs, 20 DZ pairs) in which one or both
suffered from atopic disease [1981]. They were recruited via a survey of the Swiss
Twins Association (30 pairs) and from the sample studied by Schnyder [1960, see
above]. Skin prick and RAST results for eight common allergens were presented.

MZ concordance for atopy was higher than DZ concordance (see Table 7.1).
Wuthrich also presents a summary table from the German language review of twin
studies by Schnyder [1970] that shows these findings to be consistent with the
literature, though there is considerable heterogeneity across the earlier studies, no
doubt reflecting differences in ascertainment (for Table 7.1, Mantel-Haenszel MZ v
DZ common OR=2.7, 95%CI=1.9-4.0; Breslow-Day χ2

6=19.2, P=0.004). Intertwin
differences in total sIgE did not differ significantly between the MZ and DZ twin
pairs. Similarly, the concordance in type of specific skin and RAST reactivity
among the MZ and DZ twins did not differ significantly (with the exception of
timothy grass - MZ pairwise concordance, 25/30; versus DZ, 12/20).
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Table 7.1 MZ and DZ concordances for atopy from Wuthrich et al [1981], along
with a summary table cited from Schnyder [1970].

Reference
MZ DZ

Con Dis Con Dis

Wuthrich et al (1981) 17 13 4 16

Spaich-Ostertag (1936) 6 6 2 16

Harvald-Hauge (1956) 10 10 4 40

Rajka (1960) 3 2 6 3

Schnyder (1960) 6 6 1 22

Teodori (1962) 53 37 134 159

Niermann (1967) 5 0 3 10

TOTAL (Number)
(Percentage)

100
57.5%

74
42.5%

154
36.6%

266
63.3%

7.1.2 Milani-Comparetti : This short paper reports an "anamnestic study" of
allergic symptoms among 500 adult twin pairs from the twin register maintained by
the Mendel Institute. Atopy was defined as a history of oculorhinitis, asthma,
urticaria, allergic eczema, or "unspecified allergic disease". The MZ concordance
for atopy (28/36) was significantly higher than the DZ concordance (30/40)

7.1.3 Falliers et al: This paper [1971] describes two pairs of asthma
discordant MZ pairs. Its interest lies in the detailed physiological measures
performed on the twins. These included dermatoglyphic and serological zygosity
typing, skin atopy testing, total sIgE level determination, pulmonary function testing
including exercise and methacholine provocation testing, and a leucocyte
membrane adenylate cyclase and ATPase activity assay.

In both cases, the unaffected cotwin gave a history consistent with atopy,
and of at least one episode of RTI associated wheeze. Onset of asthma in the
affected twin was associated in each case with a febrile RTI which did not affect
the cotwin. One asthmatic was steroid dependent. The nonasthmatics did not
exhibit any bronchial responsiveness. Leucocyte adenylate cyclase and ATPase
activity was significantly higher in the asthmatic compared to the nonasthmatic
subjects. This could be regarded as evidence supporting the previously discussed
sympathetic overactivity associated with atopy, or to be due to therapy with
sympathomimetic drugs.

7.1.4 Bazaral et al: Bazaral, Orgel and Hamburger [1974] examined total
sIgE levels in 54 pairs of MZ twins and 39 pairs of DZ twins. Zygosity was
determined by serological typing. The twins were mainly military veterans (age 45-
55). An additional 10 pairs of MZ twin and 13 pairs of DZ twin children were also
examined. The within twin and between twin variances of the log transformed sIgE
level (logIgE) were used in the statistical analysis, and Holzinger’s H calculated.
The test-retest correlation coefficient for logIgE was 0.948 (N=23 pairs, mean delay
17 months).
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Despite the small sample size, genetic effects were detected in the children
(F13,10=MWDZ/MWMZ=4.59, P<0.01), with Holzinger’s H estimated at 79% (90%
confidence interval 44%-93%). Reanalysis of this data using LISREL 7.16
confirmed the preferability of the genetic model over the shared environment model
(CE v ACE χ2

1=5.45, P=0.02; AE v ACE χ2
1=1.8, P=0.15; see Table 7.2 for

abbreviations). For the adult twins (see Table 7.2), total MZ variance did not differ
significantly from total DZ variance (F77,107=1.47, P=0.05). Holzinger’s heritability
was estimated at 59%. Since Holzinger’s measure does not correspond directly to
the biometrical broad sense heritability, these values have been recalculated with
LISREL 7.16 (see Table 7.3), giving a genetic variance of 0.22 and thus a
heritability of approximately 80%. This agrees well with the unweighted estimate of
the genetic variance derived from the intrapair MZ-DZ variance difference (0.22,
95% confidence interval 0.05-0.39). No nonadditive component could be
estimated, but as discussed elsewhere, the power to detect nonadditivity in small
twin samples is low. For the children, the ML estimate of the heritability was 93%
(88-99%).
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Table 7.2 Mean squares and intraclass correlations for logIgE in adult MZ and DZ
twins [from Bazaral et al 1974].

Source df MS r

MZ between pairs 53 0.4029

MZ within pairs 54 0.0767 0.68

DZ between pairs 38 0.5188

DZ within pairs 39 0.1872 0.47

Reliability (average delay between tests=17 mo)

between occasions 22 0.2550

within occasions 23 0.0092 0.95

Table 7.3 LISREL modelling using reported mean squares for adult twins [from
Bazaral et al 1974]. A=additive genetic component; C=shared environment;
E=unique environment.

Model tested h2 (95% CI) χ2 df P

ACE 73% 3.62 1 0.16

AE 79% (68-90%) 3.67 2 0.30

CE 0% 13.03 2 0.01

7.1.5 Konig & Godfrey : These authors [1974] examined 8 pairs of MZ
twins and 7 pairs of DZ twins selected because at least one twin was asthmatic, or
a first degree relative was asthmatic. Zygosity typing was performed, except in one
unambiguous case. All twins performed an exercise (bronchial) provocation
protocol (6 minutes on a treadmill running at a pace to maintain the heart rate at
160-170 beats per minute) with peak expiratory flow rate being recorded using a
Wright peak flow meter. A second free running exercise test where previously
diagnosed asthmatics failed to demonstrate significant bronchial
hyperresponsiveness (defined as a >22% lability index eg (maximum PEF-minimum
PEF)/(resting or expected PEF)*100). Skin prick testing for 24 common allergens
was performed.

While 3 of the MZ and 1 of the DZ twin pairs were concordant for diagnosed
asthma, 6/8 MZ twin pairs were concordant for BHR and 1/7 DZ twin pairs. Similar
figures (6/8 and 1/7 pairs) were noted for presence of skin atopy.

7.1.6 Al-Agidi : In this Iraqi study (1980), 64 MZ and 43 DZ pairs of twins
"in good health" donated serum for immunoglobulin A,E,G and M level
determination. Heritability of all four classes was high.

7.2 Edfors-Lub

This is the second largest twin study of allergic disease [1971]. Nearly 7000
complete same sex twin pairs (a 74.5% pairwise response rate) from the Swedish
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Twin Registry (a community based twin registry with near complete ascertainment -
95%) born between 1886 and 1925 took part in the study. All subjects completed
a questionnaire which included 12 items on allergic disease, as well as items for
zygosity diagnosis [Cederlof 1961]. The questionnaire was piloted on 1400 twin
pairs of whom 39 pairs were also examined by an allergologist. The correlation
between clinical diagnosis and self reported diagnosis in the twins was good (see
Table 7.4). The author notes that the twins as a group were older than the general
population (the study being performed in 1966-7), so that active atopic disease
would be relatively uncommon, and that medical diagnosis would largely be
anamnestic anyway. Test-retest reliability from the initial 1961 questionnaire (2
items on allergy), Edfors-Lubs’ pilot and the allergy questionnaire was good for
"have you ever had asthma?" where only 5% of subjects had given inconsistent
answers. In two questionnaires "have you ever had hayfever?" was asked; 12.5%
of answers were inconsistent. There were 2434 pairs of MZ twins and 4302 pairs
of DZ twins.

The lifetime prevalence of asthma was 3.8% overall (males 3.5%, females
4.0%), representing 521 asthmatic individuals. Hayfever was present in 14.8% of
the sample (males 15.5%, females 14.2%), while 2% reported a history of
childhood eczema (no sex difference), 2.5% eczema at any time in their life and
2.4% a history of allergic dermatitis.
Table 7.4 Association between physician diagnosis and questionnaire diagnosis
[from Edfors-Lub 1971].

Clinical
Diagnosis

Questionnaire diagnosis

Asthma Eczema Hayfever

Yes No Yes No Yes No

Yes 7 1 4 0 6 5

No 1 30 1 34 1 27

Tetrachoric r (SE) 0.98 (0.03) 0.97 (0.04) 0.86 (0.12)

The atopic diseases tended to occur within the same individuals and within the
same twin pairs (see Table 7.5). No differences in prevalence in city and rural
dwellers were noted, with the exception of contact dermatitis, which was increased
in city dwellers. Contact dermatitis was not associated with the atopic conditions,
and is not generally recognised as part of the allergic diathesis.

These results lead to heritability estimates for the individual traits (using the
WLS option in LISREL 7.16) of 63% for asthma (95% confidence interval 54-73%);
for hayfever 43% (37-50%); and for eczema 62% (51-75%). There was also
significant concordance for number of allergic syndromes reported in each twin; this
was greater for MZ than DZ twins.

Monogenic hypotheses were fitted to the data using traditional methods. All
modes of Mendelian inheritance fitted equally well, and Edfors-Lubs concluded by
suggesting a polygenic model might best explain the genetic correlation noted
between the number of atopic symptoms reported by each twin. As noted earlier in
describing the study of Borecki et al [1985], a pleiotropic gene may act in a
dominant fashion for one syndrome, and in a codominant or recessive manner for
another manifestation. Therefore the author’s conclusion is not strictly justified, and
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an increasing number of concurrent symptoms in heterozygotes and homozygote
affecteds could be invoked as an explanation for this observation.
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Table 7.5 Approximate intraindividual and intrapair tetrachoric correlations (and
standard errors) of reported atopic symptoms (with equivalent odds ratios in bold
print in the upper triangles). Calculated from Tables 3.1 and 3.2.1 in Edfors-Lub
[1971].

Asthma in
index twin

Hayfever in
index twin

Eczema in
index twin

Asthma in
index twin

1.00 6.16.1
�����

(5.1-7.3)(5.1-7.3)������	�
������� 4.04.0�����
(2.9-5.5)(2.9-5.5)�����������������

Hayfever
in index

twin

0.47
(0.02)

1.00 2.32.3�����
(1.8-3.0)(1.8-3.0)� ��!�"�#�$�!�%�&

Eczema in
index twin

0.29
(0.04)

0.21
(0.03)

1.00

Asthma in
MZ cotwin

0.67
(0.05)

2.62.6'�(�)
(1.7-4.2)(1.7-4.2)* +�,�-�.�/�,�0�1 4.14.12�3�4

(1.9-8.9)(1.9-8.9)5 6�7�8�9�:�7�8�;
Hayfever

in MZ
cotwin

0.25
(0.06)

0.42
(0.04)

1.91.9<�=�>
(1.1-3.5)(1.1-3.5)? @�A�@�B�C�A�D�E

Eczema in
MZ cotwin

0.30
(0.09)

0.15
(0.08)

0.64
(0.06)

Asthma in
DZ cotwin

0.20
(0.07)

1.81.8F�G�H
(1.2-2.6)(1.2-2.6)I J�K�L�M�L�K�N�O 1.51.5P�Q�R

(0.6-3.5)(0.6-3.5)S�T�U�V�W�X�U�Y�Z
Hayfever

in DZ
cotwin

0.15
(0.05)

0.23
(0.03)

1.41.4[�\�]
(0.9-2.3)(0.9-2.3)^�_�`�a�b�c�`�d�e

Eczema in
DZ cotwin

0.08
(0.09)

0.08
(0.06)

0.26
(0.08)

I have also fitted univariate LISREL genetic models, which revealed a large
dominance component for asthma, as is suggested by the ratio of the MZ to DZ
correlations. The proportion of total variance due to dominance was estimated at
0.54 (χ2

1=3.4, P=0.07; 95% CI 0.11-1.00). Hayfever and eczema were adequately
described by purely additive models (χ2

1=0.31 and 0.40 respectively).
Phi models for asthma concluded that there was strong nonadditivity

present. These were fitted across two age bands (born after 1912, or born before
1913 - using raw data made available by the Swedish Twin Registry). There were
significant cohort effects on prevalence, but not concordance. The additive genetic
component was estimated as zero. No sex differences were detected.

7.3 Finnish Twin Registry studies

7.3.1 Baseline survey : This is the largest twin study of asthma to date.
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The Finnish Twin Cohort contains 13888 pairs of same-sex twins born 1905-1957
and was assembled using centralised birth and death information Kaprio et al
1978]. The baseline questionnaire mailed in 1975-6 was wide ranging, and
included items for the diagnosis of zygosity, and disease items prefaced by the
question "Have you ever been told by a doctor that you have or have had" for
asthma, hayfever, and eczema [Kaprio et al 1979]. The lifetime prevalence of
asthma varied from 1% in those aged under 40 years, up to 4% of those aged over
60 years, with no significant sex differences. MZ twins were significantly more
concordant for asthma.

7.3.2 Nieminen et al: This paper reports refinement of the diagnosis of
asthma in the Registry [1990]. The Twin Registry database was correlated with a
number of other registers such as hospital admissions and medications covering
the period 1970-1987. The cumulative incidence of asthma was approximately 2%
in this cohort using this definition.

Table 7.6 Prevalence and probandwise concordance for doctor-diagnosed asthma
among members of the Finnish Twin Registry in 1976.

Males Females

Age (years) 18-39 40-59 60- 18-39 40-59 60-

Prevalence (%) 0.94 2.11 4.16 0.81 2.62 3.85

MZ concordance 0.63 0.51 0.53 0.87 0.32 0.65

DZ concordance 0.15 0.11 0.00 0.10 0.18 0.24

The choice of a relatively "hard" endpoint (hospital admission or enrolled
with the Social Insurance Institution as requiring chronic anti-asthma medication) in
a country with a relatively low prevalence of asthma meant that only a small
number of concordant affected pairs were recruited into the study (22 out of
13888). As a result, the relative risks and tetrachoric correlations had broad
confidence intervals (Table 7.7), especially in the men.

I fitted genetic multifactorial threshold models using LISREL and MX. MX
was used to fit threshold models directly to the combined ages concordances for
male and female twins (Table 7.8). This showed that there was no evidence for
sex heterogeneity on χ2 test (homogeneity χ2

2=4.65-2.10-0.26=2.29, P=0.32). The
pooled estimate for heritability was then 0.36 (LISREL WLS 90%CI=0.02-0.56) for
the full (ACE) model, and 0.46 for the more parsimonious additive genetic (AE)
model. Similar conclusions were drawn on fitting log-linear models to the same
data.

Finally, I compared the concordances presented by Nieminen et al with
those from the similar population based study of Edfors-Lub (Table 7.9). This
again suggested that one model could adequately describe both studies
(homogeneity χ2

8=13.56-3.62-2.10-0.26=7.59, P=0.11).
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Table 7.7 Asthma in the Finnish Twin Cohort [Nieminen et al 1990] -
concordances for chronic asthma.

Group
Asthma in pair

Phi
Tetrachoric

r
Exact 95%

Confidence Limits
++ +- --

MZ Males 3 67 1980 0.07 0.314 0.033-0.558

DZ Males 7 149 4749 0.07 0.335 0.156-0.499

MZ Females 7 71 2179 0.15 0.499 0.291-0.670

DZ Females 5 194 4477 0.03 0.160 -0.029-0.342
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Table 7.8 Fitting of threshold models to Finnish twin data [Nieminen et al 1990].

Model tested* Proportion of
variation due to

Test of model
goodness-of-fit

A C/D E LR χ2 df P

Male Twins

ACE 0.00 0.33 0.67 0.26 3 0.97

AE 0.42 --- 0.58 2.88 4 0.58

CE --- 0.33 0.67 0.26 4 0.99

Female Twins

ADE 0.12 0.39 0.49 1.22 3 0.75

AE 0.47 --- 0.53 2.10 4 0.72

CE --- 0.29 0.71 7.61 4 0.11

Both Sexes

ACE 0.36 0.07 0.57 4.65 8 0.79

AE 0.44 --- 0.56 4.84 9 0.85

CE --- 0.31 0.69 7.62 9 0.57

* A,C, and E refer to additive genetic, shared (or family) environmental and
unshared (or unique) environmental sources of variation included in the model. D
refers to nonadditive genetic variation.
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Table 7.9 Heterogeneity testing of Finnish and Swedish data using threshold
models fitted with MX.

Twin Group χ2 (d.f.) fit of
ACE* model
to each
group

Heritability
from
separate
models

χ2 (d.f) fit of
ACE* model
to combined
data

Heritability
from
combined
groups

Finnish Males 0.26 (3) 0.00

Finnish Females 2.10 (3) 0.47 4.65 (8) 0.34

Swedish twins† 3.62 (3) 0.63 13.56 (13) 0.55

* Model comprising additive genetic (A), shared (C) and unshared (E)
environmental sources of variation.
† Using contingency tables reconstructed from Tables 3.1 and 3.2.1 in Edfors-Lub
[1971].

7.4 Asthma in the Norwegian Twin Registry

Harris and coworkers [1997] describe another Scandinavian population
sample of twins. All 5078 pairs of twins born 1967-1974 were ascertained, of
which only 4231 pairs contained both members surviving past age 3 years!
Questionnaires were sent in 1992 to the 3996 pairs contactable.

There was a 73% individual response rate (2570 complete pairs and 724
responses from one twin only). A positive response was received from 332
individuals (5.7%) to the asthma item on a question "Have you now, or have you
ever had any of the following illnesses or health problems?". Males had an earlier
age at onset, but there were no significant effect on cumulative incidence of sex,
zygosity, or year of birth.

MZ twins were significantly more concordant than DZ twins with crude or
survival analysis giving very similar point estimates (Table 7.10). The MFT
heritability was estimated at 71% under the best fitting AE model.
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Table 7.10 Asthma in Norwegian twins [Harris et al 1997] - concordances for
asthma.

Group
Asthma in pair Tetrachoric

r
Exact 95%

Confidence Limits
++ +- --

MZ Males 13 24 375 0.806 0.637-0.910

DZ Males 3 40 341 0.230 -0.118-0.534

MZ Females 10 33 484 0.683 0.472-0.830

DZ Females 2 50 390 0.051 -0.298-0.383

DZ Opp Sex 6 72 716 0.289 0.039-0.509

Table 7.11 Fitting of threshold models to Norwegian twin data [Harris et al 1997].

Model tested* Proportion of
variation due to

Test of model
goodness-of-fit

A C/D E LR χ2 df P

ADE 0.10 0.65 0.25 1.52 3 0.68

AE 0.71 --- 0.29 4.83 4 0.31

CE --- 0.47 0.53 26.43 4 0.00
* A,C, and E refer to additive genetic, shared (or family) environmental and
unshared (or unique) environmental sources of variation included in the model. D
refers to nonadditive genetic variation.
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7.5 Asthma in the Virginia "30000"

The next data set was kindly made available by Dr. Lindon Eaves, and has
yet to be analysed by that group. The Virginia "30000" comprises a population
sample (N=1915 pairs) of twins born 1915-71 in Virginia ascertained via birth
records of the Commonwealth of Virginia and located using state government
records, especially those of the Department of Motor Vehicles. A further 3347
pairs are volunteers recruited through an article in the newsletter of the American
Association of Retired Persons. This group were resident throughout the US. In
addition, relatives and spouses of the twins designated by the twins were also
invited to take part in the study. Data was collected using a 10 page questionnaire
which covered a number of different subject areas. The twin pairwise response
rate was 70%. Complete responses were received from 18320 relatives (45% of
those mailed a questionnaire). The data I have analysed however is a subset
dating from before completion of data entry and comprises 23200 individuals and
4310 complete twin pairs.

In the item on health conditions, subjects were asked to check a variety of
conditions if they had "ever [had] any of these problems diagnosed or treated by a
physician. Please check any that apply only if you know the problem was
DIAGNOSED OR TREATED BY A PHYSICIAN". One of these 16 health problems
was "asthma". In addition, subjects reported the age at onset of the conditions ("as
accurately as you can, the [...] AGE when the problem was first DIAGNOSED OR
TREATED BY A PHYSICIAN").

The following analyses have been limited to twinships where a response
from both twins has been received. These twins have been divided into three
groups for the purposes of genetic analysis: those pairs who have no self-report
information on parental asthma - Group A; those with data from only one parent
(usually the mother) - Group B; and those where data from both the parents is
available - Group C.

Within the 22993 subjects who had a recorded age, the prevalence of
physician diagnosed asthma was 5.5%. There were no differences between the
sexes. The prevalence of asthma increased with age to 70 years old, and then
declined (Figure 9.1). However, this trend was not discernible when the data was
divided into the three subgroups.

Examining the reported age-at-onset of asthma using standard life table
methods found a significant increase in the incidence of asthma between different
age cohorts. Within each cohort, the age-specific incidence curve was U-shaped,
falling to a minimum around age 20-30, and rising monotonically thereafter. No sex
differences in incidence were detectable.

Prior to path analysis using the multifactorial threshold model, I fitted log-
linear models separately to the three groups using GLIM and PROC CATMOD in
SAS (Table 7.12). For Group A, no effects of birth cohort was detected on
prevalence of asthma, or on concordance between twins. MZ twins were
significantly more concordant than DZ twins. No birth cohort effects were detected
in Groups B and C. However, there was no significant influence of zygosity on twin
concordance in Group B, and only a marginal effect in Group C.

The path analyses were performed using LISREL 7.16 and MX, the latter
allowing a multigroup model (Table 7.13). A significant genetic component of
variation in liability to asthma was detected. Shared environmental and nonadditive
genetic components did not contribute significantly to this.
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Table 7.12 Age-adjusted (Mantel-Haenszel) Relative Risks for asthma in MZ and
DZ twins, and P value for significance of zygosity (MZ=1, DZ=0) term in log-linear
models (that included birth cohort, parental status, zygosity, and twin status).

GROUP RR-MZ RR-DZ Interaction P

Group A 9.2 3.9 0.00

Group B 5.4 4.3 0.89

Group C 10.6 2.5 0.29

Table 7.13 Parameter estimates and WLS-adjusted goodness-of-fit χ2 for threshold
models fitted to the three groups simultaneously and separately. The homogeneity
χ2 for the AE model was not significant (χ2

2=1.04, P=0.6).

MODEL h2 c2 d2 e2 χ2 df

ACDE 3 groups 0.53 0.10 0.01 0.36 14.2 17

ACE 3 groups 0.54 0.10 --- 0.36 14.3 18

AE 3 groups 0.65 --- --- 0.35 15.6 19

CE 3 groups --- 0.51 --- 0.49 43.0 19

AE Group A 0.67 --- --- 0.33 0.02 1

AE Group B 0.46 --- --- 0.54 1.34 5

AE Group C 0.57 --- --- 0.43 13.2 11

7.6 Hopp et al

This study is smaller than the previous three, but contains data on bronchial
responsiveness. The authors examined 107 pairs of twins, recruited from a
number of sources including via media advertising. There were 61 MZ pairs and
46 DZ pairs. The mean age of the subjects was 14 years (SD=6.7 y). Zygosity
was determined by questionnaire, "16 morphological markers" and in ambiguous
cases by serological tests. Subjects filled out questionnaires, and underwent skin
prick/intradermal testing, a total sIgE determination and a methacholine challenge.

There was no difference between MZ and DZ twins in casewise
concordance for asthma or atopy - not surprising in view of the methods of
recruitment, and small numbers. The total variance for total sIgE, methacholine
area, and summed skin atopy score did not differ significantly between the MZ and
DZ pairs (Table 7.14). The intraclass correlations were significantly greater for MZ
twins than DZ twins for these three measures (using a modified Fisher Z
transformation). This gives heritability estimates for these three measures of 60-
70%, with 95% confidence intervals approximately 40-80%, agreeing with the
results reviewed earlier. Since the use of intraclass correlations instead of the
weighted variance ratios in genetic analyses is inefficient, these analyses have
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not detected (in keeping with the power associated with the sample size).

Table 7.14 Twin concordance for reported asthma, total sIgE, Area-Under-Curve
for 35% drop in FEV1 on methacholine provocation, and aggregate skin atopy score
[from Hopp et al 1984].

Zygosity
Group

Reported Asthma Intraclass r No. of
Pairs

+ + + - - - sIgE Area35 Atopy

MZ 9 9 43 0.82 0.67 0.82 61

DZ 4 8 34 0.52 0.38 0.42 46

7.7 Minnesota group

This group has reported a study of MZ twins reared apart (MZA) which
incorporates a number of physiological and psychological variables. In Hozouri et
al [1990], results of skin atopy testing and immunoglobulin determinations were
presented for 24 MZA pairs and 1 set of MZA triplets separated soon after birth, 8
pairs of DZ twins reared apart, and 17 pairs of MZ twins and 5 pairs of DZ twins
reared together (MZT and DZT). The MZA twins demonstrated significantly higher
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concordance than the DZ twins for total sIgG and IgM levels, specific antibody
titres to pneumococcal carbohydrate and tetanus toxoid. Similar findings were
noted for RAST results, but the actual results were not presented. In another study
[Hankins et al 1982], the
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Table 7.15 Reanalysis of mean squares presented by Hopp et al [1984].
A=additive genetic component; C=shared environment; E=unique environment.

Model tested h2 (95% CI) χ2 df p

Log transformed sIgE

ACE 55% (15-95%) 0.27 1 0.58

AE* 82% (74-100%) 1.47 2 0.36

CE 0% 11.57 2 0.003

Methacholine Area35

ACE 58% (4-100%) 0.27 1 0.58

AE* 66% (52-80%) 0.60 2 0.75

CE 0% 5.67 2 0.06

Skin atopy score (ISTS)

ACE 70% (27-100%) 0.02 1 0.89

AE* 82% (74-90%) 0.28 2 0.87

CE 0% 15.02 2 <0.001

* Preferred model on LR χ2 testing compared to "saturated" ACE model.

concordance for pulmonary function in 15 pairs of MZA twins and the MZA triplets
was shown to be highly significant. The lung function of the smoking twin in
smoking discordant pairs differed significantly only in FEF25-75 and instantaneous
flow at 75% FVC.

Hanson et al [1991] extend this work, presenting data from 53 MZA twin
pairs, 21 DZA pairs, 110 MZT and 111 DZT twins from both Minnesotan and
Finnish twin registries. Skin prick testing, total sIgE determination, and RAST to 3
allergens were performed. Concordance for asthma was greater in the MZA group
(4 concordant, 1 discordant) than in the other groups. The heritability of logIgE
level was 56% (46-66%), with no shared environmental component of variation
being detected. A (nonsignificant) tendency for MZ twins to be more concordant
than DZ twins was also seen for skin atopy, but no evidence for concordance for
sensitisation to particular allergens was seen.

7.8 Recent minor studies

7.8.1 Svartengren et al on tracheobronchial clearance : This small study
[1989] examined tracheobronchial clearance in 6 MZ pairs discordant for asthma,
and 3 nonasthmatic MZ pairs. Tracheobronchial clearance has been noted to be
decreased in some studies of asthmatics compared to controls, but considerable
within group variation has been noted. Conveniently, MZ concordance in normal
MZ twins for tracheobronchial clearance is high in previous studies by the same
group. Clearance of radiolabelled Teflon particles from the lungs was measured
twice, as was resting Raw and FEV1 and a methacholine provocation test.
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The two hour particle retention value (Ret2) for the asthmatic twin was
greater than the nonasthmatic cotwin’s in 3 out of the 6 pairs, and the overall
differences were not significant. Clearance was slowed following methacholine
challenge in the nonasthmatics but not in the asthmatics. In addition, Ret2 was
positively correlated with PD20 in the nonasthmatics, but not the asthmatics.

7.8.2 Sistonen et al: Total sIgE was measured in a random sample of 76
MZ and 81 DZ twins from the Finnish Twin Register [1980]. Twin concordance for
high levels (>150 IU/ml) were higher in the MZ than the DZ group, but not
significantly so (χ2

2=3.65). The female MZ intrapair variance for log sIgE was
significantly smaller than the DZ intrapair variance, but no significant difference was
exhibited by the males.

7.8.3 Ericsson et al: Bronchial reactivity in 8 pairs of MZ twins discordant
for allergic rhinitis was studied in and out of pollen season [1991]. The allergic
twin, unsurprisingly, had higher reactivity on average than their cotwin, and more
interestingly, tended to have a lower birth weight.

7.8.4 Bonini et al: Skin prick tests, total and specific sIgE, sIgG, BHR and
complement in 55 MZ and 20 DZ pairs ascertained for atopy (from undescribed
sources) were examined in this study [1983]. For SPTs, the casewise
(identification of this fact based on the concordance values quoted) concordance
for MZ twins was 0.43, and DZ twins, 0.19 (χ2

1=2.8, P=0.09). No significant
differences for BHR concordance were detected.

7.8.5 Bahna et al: In 10 MZ and 22 DZ pairs of twin children (mean age 5
years) ascertained for clinical atopy, with MZ casewise concordance 0.89, and DZ,
0.74. No concordance for sensitisation to particular allergens was detected.

7.8.6 Marone et al: These authors briefly describe [1986] a twin study
involving 14 pairs of MZ and 12 pairs of DZ twins. It is not stated if any of the
twins suffered from clinical allergic disease. Maximum anti-IgE-induced basophil
histamine release was significantly correlated in the MZ twins (r=0.84), but not the
DZ twins (r=0.16). The heritability under an additive genetic model (χ2

1=1.0) was
0.88. A similar picture was seen with the Ca ionophore A23187. There was no
correlation between maximum histamine release and total sIgE level in the twins,
although in a separate group of singletons aged less than twenty years, the
correlation was 0.81. Deuterium oxide and f-met peptide stimulated histamine
release were "influenced mainly by environmental factors".

7.8.7 Miles et al: In an abstract for the European Thoracic Society 1992
meeting [1992], these authors describe a Birmingham questionnaire study of 190
pairs of twins. MZ odds ratios are significantly higher than DZ (Table 7.16). Model
fitting in MX found evidence for heterogeneity in prevalences at the different ages
(homogeneity χ2

3=19.88-7.55=12.33) but estimating different thresholds, the same
AE model fitted both age groups (homogeneity χ2

3=7.55-7.55) giving a heritability of
85%.
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Table 7.16 Twin concordances for asthma in Miles et al [1992]

Age/Zygosity ++ -+ -- Tetrachoric r (se) OR

<15
y.o.

MZ 9 9 80 0.86 (0.08) 35.5

DZ 3 18 71 0.30 (0.23) 2.6

>14
y.o.

MZ 12 12 68 0.84 (0.08) 22.7

DZ 11 22 35 0.41 (0.18) 3.2

7.9 Atopic dermatitis

Two studies of atopic dermatitis have been performed using data from the
Danish Twin Registry. Larsen et al [1986] surveyed 97% of all like-sex twins born
1960-74 in one county - 592 pairs. The initial screening questionnaire contained an
item "Have you or have you had any of the following diseases?" - "infantile
eczema", asthma and hayfever. This was returned by 578 pairs (!). All twins who
responded "Yes" or "Don’t know" to the infantile eczema item were invited for
clinical interview and examination, plus 48 pairs of age-sex-zygosity matched item-
negative pairs.

Of the 76 individuals who reported eczema, 61 were considered confirmed
cases, and another four were possible cases (Table 7.17). Of those who were
uncertain, four out of twelve were diagnosed as definitely affected, and a further
four as possibly affected. None of the item-negative twins were found to suffer
atopic dermatitis. This gives a sensitivity of 94% and specificity of 87% for the
screening item similar to that used in the present study. All but two cases had an
onset before seven years of age.

The results gave quite high heritabilities according to the tabulations of Smith
[1974] for the threshold model. The high MZ/DZ concordance ratio of 5.0 (95% CI
2.4-12.6) means that it is likely epistasis is present (that is that the MFT model may
be particularly appropriate). Reanalysing this data under the MFT using the
program MX under the assumption that all true cases have been detected using
this design (Table 7.18), I obtain similar heritability estimates (h2 at upper bound,
d2=0.01, e2=0.02). The binomial heritability was 86% (epistasis was not required -
χ2

1=0.11 for the dominance model).

Table 7.17 Validation of questionnaire diagnosis of atopic dermatitis in Danish
twins [Larsen et al 1986].

Questionnaire
Diagnosis

Clinical Diagnosis

Yes Possible No

Yes 61 4 11

Unsure 4 4 4

No 0 0 96
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Table 7.18 Full fourfold tables constructed from Larsen et al [1986]*.

Zygosity
Cooccurrence in

Twins Phi Tetrachoric
r

+ + + - - -

MZ 17 5 393 0.87 0.99

DZ 4 22 325 0.23 0.56

* Twins of uncertain zygosity have been allocated equally into the MZ and DZ
groups.

Larsen [1993] reports an extension of this study to twins born up until 1979.
This relied solely on the questionnaire response to an item on "infantile eczema",
using the results cited above to validate this decision. The response (after three
mailings) was 92%. The casewise concordance for questionnaire diagnosed atopic
dermatitis was 26/36 (0.72) for definite MZ twins, and 16/70 (0.23) for definite DZ
twins. The full fourfold table (Table 7.19) for those of definite zygosity gives
essentially the same results as before. The binomial heritability is 80%.

Table 7.19 Full fourfold tables constructed from Larsen et al [1993].

Zygosity
Cooccurrence in

Twins Phi Tetrachoric
r

+ + + - - -

MZ 26 10 175 0.81 0.97

DZ 16 54 360 0.30 0.57

7.10 Conclusions : The family, twin and population studies reviewed show
conclusively that asthma, hayfever and atopic dermatitis are genetically correlated,
quite aside from the similarities in pathogenesis. Furthermore, the heritability of
these atopic diseases is quite high. A role for a major gene in their aetiology is
also highly likely, but genetic heterogeneity and/or a role for polygenes is supported
by the complex segregation, molecular and biochemical genetic studies. A number
of the biochemical genetic results have not yet been replicated, while others are
weak and inconsistent. Atopic and nonatopic asthma, in some important studies,
have been seen as genetically similar, if not identical. The entity of late onset
asthma, with its tendency to greater severity, usual female preponderance, and
supposed lesser association with family history of atopic disease has not really
been properly addressed, and the possibility that this syndrome is genetically
distinct from childhood onset disease needs further examination.
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8 QUANTITATIVE GENETICS IN HUMAN FAMILIES

8.1 Commingling analysis

The existence of multiple modes in the frequency distributions of continuous
traits in the population may often represent the action of major genes controlling
that phenotype. In population samples, maximum likelihood (ML) methods (via the
EM algorithm) can be used to fit mixtures of distributions, the means of each being
the genotypic means. The frequencies (mixing proportions) associated with each
distribution can be tested for Hardy-Weinberg proportions. In family data, such
models allow values to be scored as discrete types, so that segregation analysis
can be performed.

The major disadvantages of this approach are (1) that many biological
distributions are skewed (often lognormal), and will support the inappropriate fitting
of mixtures of normals; (2) if genotypic means are too close, the resulting
distribution cannot be easily differentiated from a single normal distribution; (3) the
likelihood ratios comparing mixtures of different numbers of distributions are not
asymptotically χ2 [McLachlan & Bashford 1988], though Thode et al [1988] have
published empirical percentage points for mixtures of one versus two normal
distributions. The comparison of the likelihoods of mixtures of normals versus
those of alternative single distributions such as the lognormal is also not
straightforward. Schork and Schork [1989] have used bootstrapping to discriminate
among alternative hypotheses in this case.

8.2 Pairwise genetic analysis of continuous traits

Sir Francis Galton founded the discipline of biometrics in the late 19th
century. In collaboration with Karl Pearson, he developed mathematical tools for
the description of resemblance between relatives that gave rise to much of modern
statistics. The correlation coefficient was derived as a measure of the similarity
observed among relatives for continuous traits such as height. Examination of
plots of height of sons versus the (sex-adjusted) midparent height led to the "law of
filial regression", simply regression to the mean, while his hypothesised mode of
genetic transmission by blending of parental characteristics was unworkable (save
for selfing). The rediscovery of Mendel’s laws for the transmission of discrete traits
moved the interests of geneticists temporarily away from continuous traits, but by
1910, a number of examples of continuous traits under the control of multiple loci
had been worked out [Wright 1967]. With Fisher’s and Wright’s work, beginning
with Fisher’s seminal 1918 paper, biometrical concepts slowly became central to
animal and plant breeding, population genetics and evolutionary theory.

8.2.1 Covariance between relatives : Resemblances between particular
classes of relatives on continuous traits are usually expressed as covariances
between the measured values of the trait, and by various extensions of this such
as interclass and intraclass correlation coefficients. For most of the metrical traits
studied in humans, these types of measures of linear interdependence are
appropriate, though mathematical transformation of traits to approximate linearity
are often needed. Another related application of transformations is to remove
interactions such as gene × environmental interaction, or epistasis (gene × gene
interaction).
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Intraclass and interclass correlations arise naturally from analysis of
variance, and are very appropriate for genetic usage when there are no reasons to
differentiate within a group of relatives eg sibship. These correlations can be
defined [after Stuart & Ord 1991] for a population containing p classes containing kp

members in each class on which Yij is the trait value for the jth member of the ith
class so that,

8.1

E(Yij) µ, Var(Yij) σ2

CovI(Yij,Yi j ) ρIσ
2, i i ,j≠j

0, i≠i
CovB(Yij,Yi j ) ρii σ2, i≠i

0, i i

where ρI is the intraclass correlation and ρii’ denotes the interclass correlation
between ith and i’th group. For constant class size (as in seen in regular pedigrees
eg parents and twin offspring),

The intraclass correlation then is the common correlation between members

8.2rI

S 2
b /S 2

w 1

k 1 S 2
b /S 2

w

of the same class, and the interclass correlation represents the common correlation
between members of two different classes of observations, where individuals are
not differentiated amongst eg parent-offspring correlation when one or two parents
and a variable number of offspring are present. A small literature has arisen
regarding the estimation of interclass and intraclass correlations for classes of
varying size. Approaches can be characterised as either fully maximum likelihood
(usually assuming multivariate normality) in nature [Rosner 1982; Bener & Huda,
1987; Shoukri & Ward, 1990], in which case numerical methods are required, and
various simpler analytic approximations [Eliasziw & Donner 1991; Velu & Rao
1990]. The ML approach of Lange in FISHER [Lange 1976] is fully general and
can be applied to this problem.

8.2.2 Expected covariances between relatives : Fisher [1918] derived the
expected covariances between pairs of relatives for (continuous) traits. Since
these results hinge on ordinary least squares decomposition of variance rather than
particular likelihood functions, I think they will hold for continuous distributions other
than the (multivariate) Gaussian most commonly assumed. Lange [1989], for
example, has used the multivariate t distribution for "robust" ML estimation. I will
follow Kempthorne [1969] in the derivation of this result for the case of a
monogenic trait, where environmental and genetic effects interact additively. A
gene A of g alleles is present in a population with genotypic array,

where pi is the frequency of the ith allele Ai. The genotypic deviation for AiAj of the

8.3
g

i 1

g

j 1

pipjAiAj
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trait Y around the population mean is yij. The total genotypic variance is then,

and is decomposed into additive and dominant genetic components by solving for

8.4
g

i 1

g

j 1

pipjy
2
ij

the allelic values αm for each allele Am by minimising,

which gives the solution,
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and so,
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This decomposition partitions the trait value for an individual Y into,
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where dij is the dominance deviation for the genotype AiAj, and ε is the (random)

8.8Y µ αi αj dij ε

environmental deviation. The covariance between trait values for two noninbred
individuals of genotypes AiAj and AkAl respectively is,

where R - the coefficient of relationship - is the probability that an allele present at

8.9
Cov(Y1,Y2) E[(αi αj dij)(αk αl dkl)]

E(αiαk) E(αiαl) E(αjαk) E(αjαl) E(dijdkl)

Rσ2
a Kσ2

d

locus A in both members of the pair is of the same ancestral origin (identical by
descent), and K - the coefficient of identity - is the probability that both alleles
present at locus A in both members of the pair are identical by descent (IBD). This
is because,

8.10E(αiαk)
R

2

g

r 1

prα
2
r

1

4
Rσ2

a

as the covariance between the additive deviations of the two individuals at these
alleles only arise in the R/2 proportion of cases where the genes are the same. In
a similar fashion, covariance between dominance deviations only arises in the K

181



proportion of cases where both alleles at the locus in each individual are identical
by descent,

8.11E(dijdkl) K 2
g

u 1

g

v 1

pupvduvduv

The term epistasis refers to nonadditive interactions between the effects of
multiple different loci on a trait. In the polygenic case, in the absence of epistasis
and linkage, the result just derived holds, because covariation between the effects
of each locus is zero. If epistasis, but no linkage is present, Cockerham [1954]
presented a further extension of the components of variance model. This involves
the factorial terms for the interactions between additive and dominance deviations
up to the order of the total number of loci controlling the trait. This gives an
expression for the genotypic variance of,

and the covariance between pairs of relatives is,
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In the presence of linkage, the expressions become more complex. For
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linkage disequilibrium, Ewens [1979] states that those for covariance between
relatives for two linked loci contain "upwards of a hundred terms". In the absence
of allelic association, equation 8.13 is expanded,

where Eff
k is the probability that genes at the kth locus derived from the father of
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each relative are identical by descent, and interaction factors for each combination
of loci have been explicitly identified (instead of summed over) to allow for linkage
both for those that contribute to additive (k1..r) and dominance (l1..s) variance. For
two linked loci, the full sib covariance was derived by Cockerham [Ewens 1979] as,

where θ is the recombination fraction. Values of R and K are tabulated for various
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classes of relatives below (Table 8.1).

Table 8.1 Coefficients of relationship (R) and identity (K) for relative pairs
commonly utilised in genetic studies.

Type of Relative Pair R K
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Monozygotic Twins 1 1

Siblings/Dizygotic Twins ½ ¼

Half-Siblings ¼ 0

Parent-Offspring ½ 0

Unilineal kth degree relative pair ½k 0

Uncle-Nephew ¼ 0

Cousins 0

8.2.3 Path analysis : Path analysis is a method of evaluating systems of
regression equations. These can include both latent (unobserved) and observed
variables, which can appear (repeatedly in the same or different equations) both as
independent and dependent variables. As a result, a number of techniques usually
thought of as separate can be treated in a uniform framework including multivariate
regression, analysis of (co)variance, factor analysis, and time series analysis. As
originally formulated by Wright, path diagrams describing the causation and
association among measured variables were used to formulate the algebraic
expressions for the linear models. The observed correlations were fitted to by
these models using ordinary least squares. Li [1975] gives one of the best
introductions to the method as practiced by Wright. Subsequently, structural
equation modelling was developed independently, where covariances and raw
regression coefficients were modelled in preference, and numerically intensive
maximum likelihood and weighted least squares methods of model fitting have
come to prominence.

8.2.3.1 Wright : Path analysis is a very general approach, but Sewall
Wright originally developed it for use in genetical problems at all levels, though his
earliest applications included econometric time series modelling, factor analysis of
bone measurements in rabbits, multiple regression analysis of litter size and
genetic modelling of coat colour in guineas pigs.

In a path diagram, variables are represented as either being (partly or
wholly) determined by other variables (where single headed arrows run from the
independent variable to the dependent variable), which in turn may be determined
by other (or even the same) variables, back to ultimate variables, between which
correlations (induced by more distant but unobserved variables) are represented by
double headed arrows. Usually, observed variables are enclosed in a rectangle,
and unobserved variables by circles. The single headed arrows represent linear
regressive relationships. Variables must be unitary in nature, a point Wright [1968]
emphasises. Path coefficients are correlation coefficients or regression
coefficients, one of which is associated with every double or single headed arrows
respectively.

In this path diagram, three variables are direct causes of X0 . Xq is an
additional "ultimate" variable not directly related to X0, and as such can be
correlated to the residual of the regression on X0, Xu. Using Wright’s rules for
evaluating a path diagram, one can write the regression equations involving all the
variables depicted. The rules arise from the standard theory of general linear
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models and are (since the variables Figure 8.1 Path diagram from Wright
[1968]. All variables are standardised. X1,
X2, and X3 are regressors of X0. Xu

denotes the residual.

are standardised in this case):
(1) Expected correlations between any
two variables are the products of
chains of paths (coefficients) formed
between the two variables that move
"up" one or more arrows (in the
opposite direction to the direction of the
arrowhead), across no more than one
"sling" (correlation) and then down
along other arrows to the second
variable.
(2) Each variable may only be
traversed once in a given chain.
(3) Variances (self-correlations) may
repeatedly traverse a directly adjacent
arrow no more than once.

The resulting system of equations (I have only listed representative ones) is:

8.16

X0 p01X1 p02X2 p03X3

r00 p01r01 p02r02 p03r03 p 2
0u

r0q p01r1q p02r2q p03rq3 p0uruq

r01 p01 p02r12 p03r13

r12 r12

and demonstrates how the path coefficients are estimated from the observed
correlation matrix for the variables.

A genetic path model is that fitted by Wright [1920, 1968] to probit
transformed proportion of coat coloured white in the guinea pig (Figure 8.2).
Similar models are currently used for traits in human families. Data was obtained
from two samples, one panmictic, the other markedly inbred.

In this diagram, M and F are the parental phenotypes, G1..G4 the gametes
giving rise to the offspring O1 and O2. In the randomly bred sample, a and b are
1/√2. In the inbred sample (F≈1), a=½ and b=1. Environmental agents affecting
this trait (C) that act on all members of a sibship (or a family) equally such as
availability of food, or maternal (intrauterine) effects, also give rise to phenotypic
correlations among sibs. Either by tracing the path diagram, or by the results of
section 1.2.2, one obtains the expectations under the model,

The use of experimental animals was very powerful, in that the breeding program

8.17
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had suggested nonadditivity (dominance and epistasis) was unimportant in this
trait, and the randomly bred and inbred samples gave consistent parameter
estimates, as inbreeding to fixation should remove all genetic variance (in the
randomly bred sample rpo=0.21, rsib=0.21; in inbred sample rpo=0.01, rsib=0.07), but
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eff Figure 8.2 Genetic path model [Wright 1920, 1968] for nuclear family data. A
is the additive genetic component, C, shared environment (by littermates), E
"accidents of development".
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8.2.3.2 Morton and followers : Similar models have been fitted to human
nuclear family data for a number of continuous phenotypes, especially by groups
led by Newton Morton and later DC Rao [Cloninger 1979; Cloninger 1980; Morton
et al 1983]. The models have been extended to allow for marital assortment by
social and phenotypic homogamy, environmental influences shared by parents and
children, and by children only (generational effects). I will discuss this model in
detail, because although sophisticated, it does have shortcomings that can be
overcome in other study designs, such as the adoption or twin-family study.

8.2.3.2.1 Basic unitary model : This is a linear additive model that includes
variables and covariances representing these various modes of familial
transmission. In Figure 8.3 [Rao et al 1984], PM and PF are the maternal and
paternal trait values, P1 and P2 the representative offspring (allowing a sib-sib
intraclass correlation), C represents (summed) environmental influences on the
trait, G the additive genotypic (breeding) value, H social homogamy, and I, the
environmental index.

8.2.3.2.2 Environmental indices : If environmental transmission of a trait
can occur from parents to offspring ("cultural" transmission), then this is
confounded with genetic transmission in this model, unless the environmental
factors responsible have been measured. To simplify evaluation of the model,
Morton [1974] suggested that such factors could be represented by a single
(unreliable) environmental index that is defined as the predicted outcome of a
multiple regression based on a number of measured putative risk factors. In the
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diagram, the index I can be correlated with the individual’s genotype G, though in
practice this is not identifiable in this design, and so is not estimated. The criticism
has been made that the "environmental" risk factors regressed out in this way are
in fact often genetically correlated with the trait being analysed. For example Rao
et al [1984] regress out the effects of body-mass index on blood lipids, and so any
genetic effects found do not include genes affecting both weight and lipids, such as
those underlying "Syndrome X" [Reaven et al, 1984]. Multivariate genetic analyses
get around this problem to some extent.

A second criticism is that often the environmental factors relevant to cultural
transmission have not been measured, or measured imperfectly, so that residual
environmental covariation inflates the estimates of heritability. Other types of family
study are needed to confirm the results of this type of analysis. I will take up this
point in Chapter 11.

8.2.3.2.3 Copaths : Marital assortment on phenotype leads to covariance
between parental genotypes and between genotype and shared environment. This
under the standard path analytic formulation leads to nonlinear constraints on the
covariances between ultimate variables. An extension of the path diagram by
Cloninger [1980] is to include a copath between parental phenotypes - a "sling" that
can be traced in either direction. This allows a simple representation of these
constraints. It seems unlikely that phenotypic assortment for asthma or atopy is
likely in the Australian population - any marital correlations are more likely to arise
from household shared environmental factors, or if geographical factors are
important, by social homogamy.

8.2.4 Multivariate normal models : If relative pairs are mutually
independent or dependent in a regular fashion, such as the nuclear family depicted
in Figure 8.3 (fixed number of parents and offspring), then model fitting is relatively
straightforward. For irregular pedigrees, more numerically intensive ML methods
must be used. For a (univariate) trait under the control of polygenes (no epistasis),
we can write for a given pedigree size n, under the assumption of multivariate
normality [eg Lange et al 1976],

8.18
y µ1 a d ε
Σ σ2

aA σ2
dD σ2

eI
LLik 1

2
[ln Σ (y µ.1)t Σ 1 (y µ.1)]
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Figure 8.3 General path model for nuclear family data after Rao et al [1984].
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where,
y is the n×1 vector of trait values for the pedigree;
µ, the population mean for the trait;
1, the n×1 unit vector;
a and d the n×1 vectors of additive and dominance deviations;
Σ, the covariance matrix for y;
A, the n×n numerator relationship or kinship matrix, the i,jth element of
which is the coefficient of relationship for the ith and jth relative pair;
D, the n×n "∆7" matrix, the i,jth element of which is the coefficient of identity
for the ith and jth relative pair;
I is the n×n identity matrix;
LLik, the log likelihood under y~N(0,σ2).

These equations can be further extended to the addition of terms for fixed
effects (ie individual specific µ’s given measured covariates). The likelihood has
been maximised numerically using the EM algorithm [Ott 1979; Thompson & Shaw
1990], Fisher scoring [Lange et al 1976], Newton-Raphson, quasi-Newton, and
Nelder-Mead simplex methods [Thomas 1991], as well as by recursive regressive
adjustment of trait values using those of relatives "lower down" in the pedigree
("upward" peeling) - the Elston-Stewart algorithm [Elston & Stewart 1971; Canning
et al 1978; Ott 1979; Elston et al 1992]. The EM and the Elston-Stewart
approaches avoid inverting the sometimes sizeable Σ matrix. Another approach is
minimum variance quadratic unbiased estimation [Henderson 1985], where genetic
deviation scores for each individual are first estimated, and the components of
variance subsequently solved for.

8.2.5 Multivariate path analysis : The extension of all the methods just
discussed to multiple phenotypes is relatively straightforward. Martin et al [1978]
showed how genetic factor analyses could be performed, parameterised as the
LISREL model, and multivariate tracing rules have been devised [Vogler 1985].
Four sources of variation per trait are possible in such models, if epistasis, marital
assortment, gene-environment interaction and other complications are absent. In
nuclear family or classical twin study data, usually only three of these (additive
genetic, dominant genetic or shared environment, and unshared environment) will
be estimable per trait [eg Ott 1979].

A simple multitrait model is the "latent phenotype" model, where the
observed traits are intercorrelated through an underlying unobserved trait - a
phenotypic correlation (Figure 8.4). The covariance between relatives for the latent
trait and residual covariances between the observed traits can be decomposed as
before. This is a natural model for the case of atopy and atopic diseases. An
alternative is the "biometrical factor" model where covariance between the traits is
due to underlying common genetic and environmental factors. One useful form of
this has one common additive, one common nonadditive, one common shared
environmental and one unshared environmental factor explaining covariance
between traits, and a "triple" decomposition of the same trait residual covariances
between the relatives (Figure 8.5). This model with four common factors is
identifiable, except in the case that the latent phenotype model will fit the data
[Duffy unpublished].

The "saturated" factor model (with three sources of variation per trait)
requires constraints to be estimable. One set of constraints in current use is a
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triangular decomposition of the factor Figure 8.4 A latent phenotype
model for four observed traits in a
relative pair.

Figure 8.5 Biometrical genetic
factor model. Only one individual is
shown, with one of the trait-specific
decompositions.

loadings (an "ACE cholesky
decomposition"):
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Neale and Cardon [1992] describe other
more complex models covering multivariate
longitudinal observations, marital
assortment, assessment of the direction of
causation between traits in cross-sectional
data, and sample ascertainment.

8.3 Segregation analysis

The aim of segregation analysis is to
detect and estimate the effects of (an)
individual gene(s) on a trait within a sample
of families. Specifically, one estimates the number of alleles of the gene that affect
the phenotypic value, the frequencies of the alleles, and the relationship between
genotype and phenotype, most usually the mean trait value associated with each
genotype. In the methods discussed in the last section, information is pairwise, as
the covariance between genotypes of all pairs of a given degree of relationship is
treated as constant (its expectation). By contrast, in segregation analysis, the
covariance between genotypes for a given pair is estimated using not only the
degree of relationship, but the phenotypic values of other relatives in that kindred.
In human genetics, if no relevant genotypes are measured (either genes directly
affecting the trait, or genes linked to the locus of interest - the latter giving
information on IBD distribution), usually only the presence and characteristics of a
single loci of major effect (megaphenic - explaining more than 10% of the variance
of the trait) can be detected and estimated. If polygenic effects are present, these
are modelled in conventional families as additive genetic (co)variances residual to
that of the "single major" locus - "mixed model" segregation analysis. The
"mixture" is the mixture of discrete and continuous genotypes, rather than the
mixture of random and fixed effects this term usually denotes.

8.3.1 Mixed model : After Equation 8.18, if the major gene A has g alleles,
the trait value for an individual is partitioned as,
where dominance and epistasis are assumed to be neglible, and gij is an unknown
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fixed effect, the trait mean due to genotype AiAj. Within a pedigree, the distribution

8.20y gij a ε

of y is now a mixture of multivariate normals (one distribution per discrete
genotypic mean). The likelihood is then,

where the summation is over all "legal" genotypic arrangements for that pedigree

8.21Lik f(y g)P(g)

[Ott 1979], g is the n×1 vector of genotypic means, f(y|g) are multivariate normal
densities, and P(g) are the mixing proportions. The term f(y|g) is the equivalent of
the penetrances for a discrete phenotype, and allows the polygenic background (as
per equation 8.18) to be separated out from the major locus in equation 8.20.

The possible mixing proportions P(g) for founders, that is individuals in the
pedigree whose parents are not in the pedigree, are determined by the population
gene frequencies. Genotypic probabilities for other pedigree members are
conditional on the Mendelian laws and the genotypes of their parents. This former
information is given by transition probabilities Τ(goff,gfa,gmo), where goff,gfa,gmo are the
genotypes of the offspring, father and mother respectively. These are usually
stated in terms of transmission probabilities, the probability that genotype gfa or gmo

(undifferentiated in the case of autosomal inheritance) will transmit a given allele Ai.
In the case of two alleles (three genotypes), the Mendelian transmission
probabilities for A1 are τ11=1, τ12=0.5, and τ22=0.

To exactly evaluate the likelihood of a given set of genetic parameters -
population gene frequency, genotype means, additive genetic and unshared
environmental variance components - one can enumerate all legal genotypic
vectors, assess the likelihood as per equation 8.18 for each such permutation and
sum across these likelihoods, weighted by the probability of the genotype set or
configuration [Ott 1979; Hasstedt 1991]:

where G is the number of genotypes, nf the number of founders, and a and g the

8.22Lik Σ
G

g1 1

G

gn 1

Π
nf

1
P(gi) Π

n

nf 1
Τ(gi,gfa(i),gmo(i))exp[(y g a)tΣ 1(y g a)]

vectors of (additive) polygenotypic and major locus genotypic values respectively.
As one might expect, evaluation of this expression is not practicable for G>3, and n
over approximately 10.

One alternative procedure is to again use the Elston-Stewart algorithm -
which still requires the use of approximate formulae to hold down computational
load, as in the program PAP [Hasstedt 1982, 1991]. Another is to use Monte Carlo
procedures [Ott 1979], and a third is due to Morton and McLean [1974], where
quadrature is applied (POINTER). In the "regressive" segregation models of
Bonney et al [1984, 1986], as implemented in the program REGC included in the
package SAGE, the correlations residual to the effects of the major gene are not
explicitly decomposed, the univariate normal density for the phenotypic value for a
member of the pedigree is conditioned on the phenotypic and genotypic values of
the parents and the phenotypic values of the older siblings, and is evaluated by
quadrature, again using approximations [Demenais 1990; Sorant et al 1991]. Most
recently, Monte Carlo Bayesian approaches, such as the Metropolis algorithm or
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Gibbs sampling have been applied.

8.3.2 Model comparisons : Likelihood ratios comparing models are
asymptotically χ2 in distribution, as opposed to the case for commingling analysis of
unrelated individuals. The Mendelian models, where τ’s are fixed to Mendelian
expectations, and the environmental transmission models, where τ are all equal,
are compared to a base model where all τ’s are estimated. An amusing example
of this is McGuffin et al [1991]. If the Mendelian models are accepted, then setting
the polygenic component to zero will be tested. Testing equality of "adjacent"
genotypic means - dominance or recessivity, or additivity of allelic values are
further refinements. There are very few examples of models containing more than
three genotypes, though the presence of multiple likelihood maxima can suggest
that more genotypic means need to be included.

8.3.3 Extensions to models : Multivariate (ie multitrait) formulations of the
multivariate normal [Lange et al 1985; Thompson et al 1992] and of mixed model
segregation analysis have been formulated and occasionally applied, but are
computationally even more demanding. An example of bivariate segregation
analysis was discussed earlier [Borecki et al 1985]. Multilocus segregation
analysis, usually digenic, has also been applied, but not as a mixed model to my
knowledge.

191



9 GENETIC APPROACHES TO DISCRETE TRAITS

9.1 Pairwise approaches to discrete traits

9.1.1 Population risk ratios and recurrence risks : The recurrence risk,
that is, risk of disease to an individual with an affected relative, is usually compared
by epidemiologists to that experienced by individuals without such an affected
relative - the relative risk (RR). For genetic epidemiological purposes, it is more
appropriate to compare recurrence risk to the mean risk in the population - the
population relative risk (PRR) [eg Penrose 1953]. This is because the prior
probability of disease in the proband is simply the population expectation. The
expected risk to a relative can be expressed as a function of the proband’s prior
probability of disease and the nature of the genetic relationship in models with
straightforward genetic interpretations. For rare diseases PRR and RR will be
roughly equal, but these will differ for common diseases, such as asthma.

James [1971] outlined one genetic interpretation of PRR in a much cited
paper, and these results have been extended by a number of authors [Reich et al
1972; Risch 1990]. For a pair of relatives, if Prob and Rel are random binary
variables taking the value of unity when the proband and relative respectively are
affected (zero otherwise),

Prev is the population prevalence of the trait. If familial aggregation of the trait of

9.1

P(Prob 1,Rel 1) P(Prob 1)P(Rel 1|Prob 1)
E(Prob,Rel) Cov(Prob,Rel) E(Prob)E(Rel)
Cov(Prob,Rel) Prev 2

P(Rel 1|Prob 1) Prev Cov(Prob,Rel)
Prev

PRR 1 Cov(Prob,Rel)
Prev 2

interest is solely under genetic control, then as before Cov(Prob,Rel) can be
partitioned into various sources of genetic variance as in the biometrical genetic
analysis of continuous traits:

where R is the coefficient of relationship, K is the coefficient of identity, σA
2 is the

9.2P(Rel 1|Prob 1) Prev 1
Prev

[Rσ2
A Kσ2

D R 2σ2
AA K 2σ2

DD 2RKσ2
AD....]

(polygenic) additive component of the (binomial) variance, and so on.
The parameters can be estimated in a binomial regression using data on
recurrence risks of the trait in at least two (appropriate) classes of relatives of
different degrees of relationship, with or without population prevalence data (see
below and Appendix 5). If the genetic model is correctly specified, the model will
produce correct estimates of the population prevalence from the (completely)
ascertained sample of pairs of relatives alone.

In the case of a (diallelic) monogenic trait, these components are functions
of the usual genetic parameters: frequency q of the increasing allele, and
penetrances fAA, fAB, and fBB, where A is the increasing allele, and B the other allele.
The relationships are,
From these two parameters and the population prevalence, it is possible to fit
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single gene (segregation) models and assess their goodness of fit. Since the four

9.3
Prev (1 q)2fBB 2q(1 q)fAB q 2fAA

σ2
A 2q(1 q)[q(fAA fAB) (1 q)(fAB fBB)]2

σ2
D q 2(1 q)2[fAA 2fAB fBB]2

classical parameters are being estimated from three observed statistics, multiple
solutions are possible. Some of these will be biologically unlikely, but this is one
important limitation to this approach. Furthermore, Suarez et al [1976] examined
the relationship between prevalence and the additive and dominance variances,
and found that many combinations of these values were inadmissible under single
locus models (eg Figure 9.1).

For more generalised model fitting, Risch [1990] has concentrated on the
PRR. In the case of a monogenic trait with any number of disease alleles, he
showed that,

where the subscripts denote the degree of relationship running from 1 for parent-

9.4PRR1 1 2(PRR2 1) 4(PRR3 1)

offspring pairs to 3 for third degree relatives. Furthermore,

where the subscript M denotes MZ twin pairs, and S sibling or DZ twin pairs. If σ2
D

9.5PRRM 1 4PRRS 2PRR1 1

is zero,

For polygenic binary traits, if epistasis is restricted to being additive, as is

9.6PRRM 1 2(PRRS 1) 2(PRR1 1)

always relevant in the case for unilineal relatives,

N is the number of disease loci. This means that epistasis is the only factor that

9.7PRRK 1 1
Prev 2

N

s 1

K sσ2
A s

leads to a greater than twofold decrement in PRR with the falloff in degree of this
class of relationship. Therefore a monogenic additive gene gives rise to the same
pattern of recurrence risks as polygenes between which no epistasis is present.
However, because the binomial variance is mean-dependent, and so constrained,
the additive polygenic model cannot often hold in reality - epistasis arises as a
result of these constraints. A trivial example is two additive diallelic genes, each
fAA=1, fAB=0.5, fBB=0.

Risch has examined a model where polygenes each of small effect act
multiplicatively on risk. Here PRR falls off as the square root of the degree of
relationship. This is approximately equivalent to the probit based model
(multifactorial threshold model) examined below. He also has attempted to
estimate numbers of genes acting on a polygenic trait given this model of gene
interaction is correct. The example that Risch [1990] applies these methods to is
pooled data on schizophrenia. I have applied the method to a single large study
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previously reanalysed by Elston and Campbell [1970]. One concludes that there is
evidence for epistasis, largely based on the very high concordance for
schizophrenia in MZ twins, and the small risk to distant relatives (Table 9.1). The
best fitting major gene model fit nowhere as well, and is one of several solutions
with similar likelihood maxima. Unfortunately these data are not adjusted for age.
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Table 9.1 Recurrence risk to various classes of relatives of schizophrenic
probands.

Relationship to
Affected
Proband

Characteristics of
Sample

Risk under model fitted* (‰)

Number
Affected

Sample
Size

Risk
‰

A A+D A+AA A+AA
+AAA

Gene

MZ Cotwins 149 174 856 259 401 539 856 405

DZ cotwins 76 517 147 134 153 141 131 153

Full-sibs 820 6453 127 134 153 141 131 153

Children 328 2000 164 134 101 141 131 96

Parents 109 1191 92 134 101 141 131 96

Half-Sibs 19 259 73 71 55 34 37 55

Grandchildren 44 1016 43 71 55 34 37 55

Nephews/Nieces 65 2170 30 71 55 34 37 55

Log Likelihood -4740 -4693 -4612 -4567 -4700

No. of parameters estimated 1-2† 2-3† 2-3† 4 4

* First three models are components of variance models fitted after James [1971]:
A=additive; D=dominant; AA(A)=additive × additive (× additive) epistatic. Last
column (Gene) is the best fitting monogenic model using the methods of Elston &
Campbell [1970]. The genetic parameter estimates for this model are: q(A)=0.07,
fAA=1, fAB=0.07, fBB=0.

† Prevalence at lower bound 0.8%.
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Figure 9.1 Admissible values of σd
2 and σa

2 under single gene models with
trait prevalence 1% to 1.5%. Arrow marks single locus model described in
Table 9.1.

9.1.2 Extension to unselected samples : Data on all pairs in the
population are summarised by the standard fourfold table,

Rel=1 Rel=0

Prob=1 a b

Prob=0 c d

where N, the number of pairs of relatives, is a+b+c+d. From the earlier equation,
we write,

This covariance is usually standardised to a correlation coefficient [Elandt-Johnson

9.8

P(Prob 1,Rel 1) Cov(Prob,Rel) E(Prob)E(Rel)
Cov(Prob,Rel) P(Prob 1,Rel 1) E(Prob)E(Rel)

a
N

a b
N

. a c
N

aN (a b)(a c)
N 2

ad bc
N 2

1971]. Since,

9.9
Var( a b

N
) a b

N
(1 a b

N
) (a b)(c d)

N 2

Var( a c
N

) (a c)(b d)
N 2
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then,

where Χ2 is the Pearson χ2. The phi coefficient is a well known measure of

9.10Φ ρRP
ad bc

(a b)(c d)(a c)(b d)

Χ2

N

association for the 2×2 table that has fallen from common usage. Hannah et al
[1983] presented the procedures for maximum likelihood analyses of twin data
based on the phi coefficient, but did not connect it to the biometrical decomposition
of variance due to James [1971].

After Hannah et al [1983], for a simple, genetically controlled, binary trait
unaffected by covariates such as age and sex, the likelihood for the fourfold table
is,

where Cov is the covariance between relatives of that class, and Prev the

9.11
LogL a.log(Cov Prev 2)

(b c).log(Prev(1 Prev) Cov)
d.log(Cov (1 Prev)2)

prevalence of the trait. The covariance is partitioned as before. If unmeasured
shared family environmental factors are assumed to act additively, a further term
can be added to the expression for the covariance between relatives. One set of
coefficients for this shared environmental variance might be unity for MZ twins, DZ
twins, siblings, parent and offspring, and zero for more distant relatives.

This likelihood can be conditioned on probability of observing a proband.
For complete ascertainment, in pairs where one member is a proband, the
ascertainment correction is 1/Prev, agreeing with results of section 9.1.1. In the
case-control or Weinberg proband design, where families (pairs) are ascertained
through an unaffected proband, it is 1/(1-Prev). Similarly, where a pair of relatives
contains two probands, and the members of the pair are interchangeable (both are
members of the same class), the ascertainment correction will be 1/(1-Cov-(1-
Prev)2).

9.1.2.1 Gene-covariate interaction : Modelling of the effects of other
covariates such as age, birth cohort and sex on the phi coefficient have some
interesting properties. Hannah et al [1983] implement this as a logistic regression
on trait prevalence of the covariates - a multiplicative model for probabilities - but
this approach will make the genetic parameter estimates hard to interpret. An
additive model for gene-covariate interaction is one alternative that may be
appropriate for given data. I will compare these two approaches for a simple
example.

In the absence of marked effects on individual fitness, (autosomal) gene
frequencies should not vary among sex or age groups in the same population.
Under an additive model for sex limitation of a simple monogenic trait (which
extends easily to the nonepistatic polygenic case, as well as to multiple levels of
the covariates),

where δ is the sex difference, the subscript M and F denote males and females
respectively, Pen(Gi) is the penetrance of the ith genotype, Pen(Gi)+δ≤1, and
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Prev+δ≤1. Therefore, the value of the genetic variance (σG
2) is unchanged, but the

9.12

PenM(Gi) PenF(Gi) δ
PrevM PrevF δ

σ2
A(M) σ2

A(F)

σ2
D(M) σ2

D(F)

σ2
P(M) σ2

P(F) δ(1 δ) 2δ.PrevF

heritability is, because of the association between mean and variance of the
binomial distribution. Under this model for constant covariance, as prevalence
increases, the recurrence risk first falls until the prevalence reaches σG, and then
rises to unity. I present an example where this seems to be the case in Chapter
18.

If the sex difference is a constant multiplier (as is essentially the case in the
logistic regression approach), and the gene frequency again is kept constant
across the sexes,

where Pen(Gi).δ≤1 and Prev.δ≤1. Although the genetic variance increases in a

9.13

PenM(Gi) δ.PenF(Gi)
PrevM δ.PrevF

σ2
A(M) δ2σ2

A(F)

σ2
D(M) δ2σ2

D(F)

σ2
P(M) δ2.PrevF(1/δ PrevF)

linear manner, again the total variance is nonlinearly related to δ.

9.1.2.2 Estimation under the phi model : The additive model for
covariates seems more attractive, and I have extended this model by fitting
covariate terms separately to prevalence and to the covariance between relatives.
This is reminiscent of the generalised estimating equation approach of Liang and
Zeger [eg Liang & Beaty 1991], which no doubt could be applied to this problem,
but I have concentrated on maximum likelihood methods to date. These follow
from Equation 9.11,

where X1p and X2p are the design vectors for the prevalence terms P1 and P2, and

9.14

LogL a.log(C P1P2)
b.log(P1[1 P2] C)
c.log(P2[1 P1] C)
d.log(C (1 P1)(1 P2)

P1 X1pβ1p

P2 P1 X2pβ2p

C Xcβc

β1p and β2p the corresponding vectors of parameter estimates, and Xc and βc are
the equivalent for the covariance term C. This allows flexible decomposition of
prevalence (cumulative incidence) and covariance. Specifically, this allows
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prevalence to differ between the first and second relative, if they are of different
classes. Examples of this type of model fitting are deferred to later chapters.

The model just described assumes independence of the relative pairs.
Robertson and Lerner [1949] were the first authors to suggest the calculation of
intraclass phi correlation coefficent for sibships in order to estimate heritability, and
this was reintroduced by Elston [1977]. The intraclass phi, more commonly
referred to as the intraclass binary correlation, is also central to analysis of cluster
sampled survey data and toxicological experiments, and several different
estimators have been formulated [eg Fleiss 1981; Mak 1988; Feng & Grizzle 1992].
The most used expression is simply Equation 8.2, with,

where ri is the number of affecteds in the ith sibship, R the total number of
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affecteds in the sample, si the sibship size, C the number of sibships, and T the
total number of siblings. Asymptotic theory has been used to produce variance
expressions; both the conventional contingency χ2 (with C degrees of freedom!)
and Tarone’s score statistic [1979] offer tests for significant intrasibship
correlation/extrabinomial variance. If significant deviation from the binomial
distribution in variation in sibship risk is present and the correlated binomial model
is appropriate, the intraclass correlation is used to correct the standard error of the
mean risk C -1 Σri/si:

9.16ASE [1 ρic(
s 2

i

T
1)] R(T R)

T 3

9.1.3 Recurrence risks and classical segregation analysis : The material
just described overlaps considerably with the apparatus of classical segregation
analysis. Classical segregation analysis concerns itself with the estimation of
recurrence risks to sibships arising from different parental mating types (unaffected
with unaffected; affected with unaffected; and affected with affected), and
comparison of these segregation ratios with those arising under autosomal
dominant and recessive monogenic mechanisms. It is usually performed by ML
methods [Morton et al 1983], though asymptotic methods are almost as efficient
[Elandt-Johnson 1971; Davie 1979]. The ML approach allows more flexible
correction for ascertainment and sporadics.

9.1.4 "Genetic load" of Morton : This is a model that has never been
utilised by other than its authors [1970] (and myself) for modelling of specific binary
traits, although it is used in population genetics. Risk of disease is modelled as
being due to a large number of genetic and environmental factors each of which is
a sufficient and independent cause of disease (that is, no interaction between risk
factors occurs). This is therefore a model for one form of genetic heterogeneity.
Risk of disease is,
where L is the load. In the absence of inbreeding, L can be partitioned up into that
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due to the sum of all environmental factors and the sum of all genetic factors.

9.17
Risk 1 Π

n

i 1
(1 pi) 1 e L

L
n

i 1

pi

Morton writes,

where ei is the probability of disease arising due to the ith environmental cause, qj

9.18L
i

ei
j

q 2
j tj 2

j

qj(1 qj)djtj

is the frequency of the disease allele at the jth disease locus, tj the penetrance of
the homozygote increasing genotype, and dj the dominance, such that djtj is the
penetrance of the heterozygote. The load experienced by a relative of an affected
proband is then,

where, A is the population load, C is the polygenic additive component, D is the

9.19L(R,K) A CR DK

polygenic dominant component, R is the coefficient of relationship, and K is the
coefficient of identity. Under this model, additive loci of small effect and rare
dominant genes contribute to C, while common dominant loci and recessive loci
contribute to D. This model can be fitted to observed recurrence risks for different
classes of relatives, using,

which can be fitted as a binomial regression.

9.20log(1 Risk) A CR DK

9.1.5 Logistic models : As noted earlier, the relative risk does not lead to
attractive genetic parameterisations. While the same is true of the odds ratio (OR),
it does have attractive statistical properties, most notably invariance under row or
column reversal (in the 2x2 table), and in cohort versus case-control analyses. As
a result, a number of studies have summarised recurrence risk data as OR’s.
Liang et al [1986] has proposed a Mantel-Haenszel approach for correctly
estimating OR’s and variances in case-control studies (such as the Weinberg
proband study), adjusting for the dependencies in such data when more than one
pair of relatives from a given family are used. Elston [1991] has suggested that
OR’s could be decomposed into additive and nonadditive components on the
logistic scale, but this would not be interpretable in the same way as the phi
coefficient.

9.2 The threshold model for discrete traits

The threshold model is one of the older models for the analysis of count
data [Pearson 1900, 1904, 1914]. It assumes that a given variable, recorded as a
number of categories, in the simplest case present or absent, represents an
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underlying latent continuous variable (in the psychometric literature often called the
response strength). For this reason, it is often referred to in the older literature as
a quasi-continuous model. When this latent variable exceeds a given threshold,
the indicator or observed variable enters the associated category,

x=0 if x*<t; x=1 if x*≥t
where x=observed trait, x*=underlying latent variable, t=threshold value estimable
from P(x=1).

In the multifactorial genetic threshold model (MFT), the latent variable is the
liability to a disease or trait, and can be shown to correspond to a continuous
cumulative risk function rising to unity at the limit (a probit model). It is thus similar
to the concept of frailty used in the survival analyses reviewed elsewhere. Liability
is interpreted genetically as the combined effects of a large number of genes and
environmental factors, each of small effect, and so the theory reviewed above for
polygenic quantitative traits can be used for the analysis of data from relatives.
Therefore the relationships between the discrete observed variables are interpreted
in terms of equivalent relationships between the (antecedent) continuous latent
variables. In the usual approach, the liability for the members of the pair are
assumed to conform to a bivariate Gaussian distribution. Other bivariate
distributions have been used, such as the bivariate Pareto distribution [Hutchison
1980]. These alternatives and the Gaussian distribution usually give similar
estimates for recurrence risk, though correlations in liability can differ substantially.

In the dichotomous case, the proportion affected with a disease is used to
estimate the threshold or cut-off z-score on the normal curve between normals and
diseased (and its SE). The trait in the second individual is then examined in the
same way. The concordance between the relatives is expressed as a tetrachoric
correlation coefficient, that is, the maximum likelihood (ML) estimate of the
Pearsonian correlation between the two latent variables. This is estimated by
solving:

where a,b,c,d are the cells of the 2x2 table as before so a is the number of relative

9.21⌡
⌠t2

∞⌡
⌠t1

∞
φ(x1 ,x2 ,r)dx1 dx2

a
N

,

pairs concordant for the endpoint in question, and N=a+b+c+d. One expression for
a asymptotic standard error of r (which is biased below N=200) is:

As would be expected, the tetrachoric r is mathematically relatable to other

9.22ASE 1
N.φ(z1,z2,r)

( 1
a

1
b

1
c

1
d

)
1
2

measures of association in the 2x2 table such as Cohen’s kappa (approximated by
an arc-sine transform) or the odds ratio, approximated as,

In the case of data where more than two ordered categories of the variable

9.23
r≈cos π

1 ad
bc

are recognised, a polychoric correlation can be estimated, while polyserial
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correlation coefficients can be derived in cases where one variable is ordinal and
the other continuous. The polychoric correlation is estimated simultaneously with
the thresholds, again by numerical methods [Olsson 1980]. An advantage of the
case of the polychoric correlation is that the goodness of fit of the threshold model
to the observed data is easily tested. However, this test is not very powerful, and
Hutchison [1980] showed that different bivariate liability distributions will fit just as
well as the bivariate Gaussian, with differing correlations in liability in the
polytomous as well as the dichotomous situation.

9.2.1 Genetic Applications : The biometrical MFT was originally applied by
Wright [1934] to toe counts in the guinea pig. Wright thought that thresholds arise
where there is a breakdown in "self-regulatory processes" in a continuous
underlying physiological or developmental process. In examining strain differences
in toe number and the effects of repeated crosses between the strains, this
discontinuous trait acted as if it was continuous, and no "leading factor" or major
gene could be detected (Wright estimated at least four loci were present). Analysis
of one substrain for presence or absence of a single supernumerary toe was
performed using tetrachoric correlations. The effects of maternal age, shared
environment (within litter), and genetic effects were estimated. The heritability
estimate agreed with that predicted from the selection procedures used to breed
the substrain.

9.2.2 Carter : This type of analysis was not extended to genetic modelling
of discrete traits in humans until the 1960’s, although Penrose [1953] and Edwards
[1960] had published tables comparing recurrence risks under polygenic and
monogenic models. At that time, Cedric Carter [1961] noted that the recurrence
risk of pyloric stenosis was higher in relatives of female probands than of male
probands. The prevalence of pyloric stenosis is higher in males than females, so a
genetic interpretation of these observations is that females have the higher liability
threshold for the expression of the disease. Relatives of female probands therefore
would share this higher liability, and so an increased risk. This "Carter" effect has
not been observed for all complex genetic diseases with sex differences in
prevalence.

9.2.3 Estimation using the MFT: Model fitting of the MFT to human data
was first suggested by Crittenden [1961], but only became widespread after the
publication by Falconer [1965] of an approximate method to evaluate PRR in
various classes of relatives under the MFT. Edwards [1969] suggested an
alternative formulation of the MFT, which although similar to the Gaussian liability
models for low prevalence traits, failed at higher prevalences.

Biometrical genetical models can be fitted to tetrachoric (polychoric)
correlations as if they were Pearson correlations, giving parameter estimates such
as heritability. The measures of model goodness-of-fit based on treating these as
Pearsonian correlations are biased, and appropriately weighted measures must be
used in this approach. A more appropriate measure of fit is comparing the
expected contingency tables (for pairs of relatives) with those observed. Model
fitting by maximum likelihood can be based on this approach.

As was the case for quantitative traits, a multivariate normal model is more
appropriate for pedigrees/clustered data [Hasstedt 1993]. This requires integration
of the n-variate Gaussian liability distribution, and can be performed exactly only for
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small pedigrees [Curnow & Smith 1975], or by the use of approximations: either the
use of more tractable distributions than the Gaussian [Smith 1972; Hutchison
1980]; or recursive approximate conditioning on relatives’ liability using the
Pearson-Aitken selection formula - a regressive approach [Mendell & Elston 1974].

9.3 Segregation analysis of discrete traits

This has essentially the same basis as the segregation analysis of
quantitative traits reviewed earlier - the difference residing in the nature of the
function mapping genotype onto phenotype. For a single gene, the "classical"
approach may be used, with discrete probabilities for each trait value -
penetrances. Alternatively, under the MFT, the liability is treated as a continuous
variable with a normal density function as per Section 8.9, and transformed into the
observed phenotype by use of the threshold function. The residual effects of
polygenes may be modelled as multivariate normal on the liability scale [Morton &
McLean 1974; Lalouel et al 1983; Hasstedt 1982, 1993]. Alternatively, in the
regressive logistic model [Bonney 1986], the residual covariances are left
undecomposed, and so can take convenient forms like the odds ratio.

In the "Class D" regressive logistic model, the log odds (θ) of the ith
offspring in a sibship expressing the trait is,

where the subscript m, f, and o denote the mother, father and offspring

9.24θi αgi γfyf γmym

i 1

o 1

γoyo

respectively, yi is the trait value, 0 or 1, αgi is the intercept for the genotype of i, and
γo is the regression coefficient for affection of an elder sibling.
The likelihood for a nuclear family is:

where, G is the number of genotypes, s is the number of offspring, gi is the (major)
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genotype for the ith offspring, and most importantly Z(y) denotes the logistic
function,

transforming penetrances back from the logistic scale to the risk scale.

9.26Z(x) exp(θx)
1 exp(θx)

A consequence of this conditional approach is that risk of disease increases
with the number of older siblings affected (if a significant residual sib-sib correlation
exists), and so can be greater in large sibships compared to small sibships. This
would seem undesirable [Liang & Beatty 1991; Liang et al 1992]. Use of a latent
sibship effect gets around this problem [Hopper et al 1991].
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10 GENETIC SURVIVAL ANALYSIS

Since early this century, genetic epidemiologists have developed a variety of
methods to examine diseases with variable ages of onset. It had soon became
apparent that a disease manifesting at one age may differ from an otherwise
identical entity occurring at a later age. For example, a number of common
diseases are more likely to have a genetic aetiology if they appear at an earlier age
than that experienced by the general population eg breast cancer, Alzheimer’s
disease, myocardial infarction (compare Table 5.1). More complicated situations
can be imagined, in that age of onset of disease is genetically controlled, but
lifetime risk is not. A simple non-disease example is age at menarche in women.
Huntingdon’s disease offers a medical example where offspring of affected fathers
develop disease earlier than those of affected mothers (an example of genetic
imprinting), but lifetime risk is still 50% for both types of children (ignoring small
effects of competing causes of mortality in those with later onset). The earliest
methods for analysing such data were derived for classical Mendelian diseases,
and as such could be dealt with by stratifying the relatives of the proband, and
deriving stratum-specific penetrances (risks) for different genotypes. These include
the life-table method of Weinberg ("morbidity table"), which is still occasionally seen
in the psychiatric genetic literature, despite the fact that it is inferior to more
modern formulations [Chase et al 1983].

The specific questions to be answered by such analyses are thus: (1) Is the
disease homogenous - or do the same manifestations arising at different ages
represent different forms with different causes? (2) Are relatives correlated in age
of onset of disease? (3) Do these correlations arise from genetic mechanisms, and
are these the same mechanisms that underlie risk of disease? These questions
can be answered by examining pairs of relatives, classes of relatives, or families -
the latter by the methods of complex segregation analysis.

10.1 Univariate Methods

By this I denote conventional methods of analysis that examine disease-free
survival (or incidence or cumulative incidence) in a relative conditionally on
absence or presence of disease in an index case - made considerably more flexible
by the addition of an age (of onset in the index) interaction term to the model. This
model is especially attractive when one is dealing with "ordinary" family data (eg
parent-offspring pairs, nuclear families etc), where a direction of causation is
implicit, such as parent genotype being a precursor to risk in the child. It is also
useful when major gene hypotheses are entertained in that we have specific simple
expectations for segregation ratios. In this case, life-table or survival methods are
often being used merely to generate accurate estimates of lifetime risk, in the case
of chronic disease. A second application is to use age-specific incidence rates in
relatives of affecteds to discriminate examples of genetic transmission from
sporadic cases, that is the same phenotypic disease due to nontransmissible
causes [see eg Farrer et al 1989].

In twin data, by contrast, there is no natural ordering of dependency. One
approach is to perform the analyses using presence of disease in a randomly
designated Twin 1 to predict variation in the disease-free survival of Twin 2 and
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then reverse this, an approach similar to the double entry method of calculating
intraclass correlations. These methods offer the advantage of being well
understood, and available in standard computer packages.

10.1.1 Univariate analyses of incidence rates in relatives : This is one of
the oldest methods used for this purpose, but gives easily interpretable results. In
the case of twins, Thomas et al [1990] chose to measure person-time in the cotwin
of the first (or only) affected member of the twinship, and calculated rate ratios for
MZ and DZ twins, which measure the contribution of genes to risk of disease.
Adjustment of risks for covariates such as cohort effects is easy in this method,
and stratification by age of onset in the index case can be used to look for
heterogeneity in disease risk and/or correlation in age of onset.

10.1.2 Univariate Survival analyses : This is similar in that life-tables are
constructed for relatives of the index - in the twin study, MZ and DZ index cases.
Some peculiarities of their use in the case of family studies is that they are usually
constructed from historical data, and so recently a number of methods that deal
efficiently with unreliable and missing data have been put forward, which are either
non-parametric [eg Farrer et al 1989], or maximum likelihood based [Risch 1983;
Cupples et al 1991].

10.1.3 Nonparametric testing of survival curves : I am relying here on
the notes on tests for covariates using Wilcoxon and log rank methods in the SAS
manual [SAS Institute 1991]. The simplest version tests for equality of survival
curves in different strata of a covariate. A rank statistic vj is calculated for the j
strata, which in the case of the log rank test is:

where dij is the number of events at time i in stratum j, di=∑jdij, nij is the number of
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individuals at risk at time i, ni=∑jnij. The covariances for these scores are:

and the test statistic for homogeneity is v’V -1v, which approximates a χ2 distribution
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with rank(V) degrees of freedom.
For testing the association between covariates and survival, the method is

broadened so that v is the vector (1 × number of covariates) of rank statistics, xa is
the vector of such covariates for the ath subject, and Ya is the censoring variable
so that:
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The summation over j represents summation over all observations occurring earlier
than the current one. The covariance matrix in this case is estimated only from
those individuals in which the disease developed:

The summation over a again represents summation over all preceding events, and

10.4
V

k

i 1

i

a 1

(za zi) (za zi)

ni

Univariate tests of each covariate are the ratio of the rank statistic squared over the
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appropriate variance from V, and a stepwise multivariate procedure by evaluating
the increase of v’V -1v versus "entry" of each covariate.

10.2 Bivariate and Multivariate Methods

10.2.1 Aalen’s nonparametric comparison of conditional survival
curves : Aalen [1978, 1980] has described a log rank test, similar to those
previously described, specifically for comparisons of correlated events in time. The
application was assessing direction of local dependence and thus causality
between two events occurring in the life history of a single individual, but this is
generalizable to the life history of a twinship [Fujii 1990]. This method derives from
a Markovian model, where one estimates the intensities for four transitions at
different times (ages): (1) both unaffected → Twin 1 affected; (2) both unaffected
→ Twin 2 affected; (3) Twin 1 affected → both affected (4) Twin 2 affected → both
affected. In the case of association in twins, (3) and (4) are equal, and greater
than (1) or (2). To test genetic hypotheses, one needs eight transitions, four for
each zygosity. The approach is based on Freund’s model [1961], which is more
restrictive because the transition probabilities are time-independent, so leading to a
bivariate exponential joint survival density function [Fujii 1990].

Altering the nomenclature of the last section so that nik and dk refer to
number at risk and number of event type k at time i, the generalised log-rank
statistic v for a comparison of two transition intensities is:

summing over only those times an event type k occurred. The variance of this
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statistic is:

The test statistic, v/ V is asymptotically a z-score under the null hypothesis. This
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can be extended in a way similar to the last section to create omnibus tests for
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multiple transitions.
The main criticism of this model [Clayton & Cuzick 1985] as used in a twin

study is the implication that the hazard function of the cotwin of a case would
abruptly alter when the twin developed the disease in question. Under a genetic or
indeed shared environmental hypothesis, the hazard functions of both twins (a
posteriori) should have been similar from birth.

10.2.2 Frailty survival models : Frailty is used in demography and survival
analysis to denote an unobserved/unobservable property of the individual that
alters their probability of developing disease at a given time. It can be regarded as
the total effect of a (large) number of unmeasured confounders, and as such could
vary with time, and interact with measured covariates, though when used in genetic
applications will usually be regarded as fixed at birth. In the classical multifactorial
threshold model of biometrical genetics [eg Falconer 1965], such a latent
predisposition to disease is called liability, and is modelled as either being normally
distributed in the population, or skewed due to the action of genetic (biometrical)
dominance, or gene-environment interactions. In survival analysis, frailty is often
modelled as arising from a gamma process [Vaupel & Manton 1979] for reasons of
flexibility of shape, absence of negative values, and an intuitively pleasing
interpretation as a multi-hit model. The pdf of z, the frailty, is therefore:

where k is the shape parameter of the distribution (and mean z k/λ, variance k/λ2).

10.8λkz k 1 e λz

Γ(k)

For the same reasons, it is also often used to model age-at-onset of disease in the
parametric regression models examined below. A characteristic of frailty that
arises from these and similar assumptions [Yashin & Vaupel 1985] is that the mean
frailty of unaffected individuals in a cohort diminishes with time as those most
susceptible succumb to the given disease. The hazard rate for an individual is
most generally a function of current age, birth cohort or other measured covariates,
and the frailty. Importantly, z can be incorporated into the survivor function as a
random (gamma distributed) variable. Thomas et al [1986], by contrast, initially
follow Self and Prentice [1986] in assuming z to be gamma distributed, but for
other purposes assume it normally distributed. Hougaard [1986] describes an
alternative (a bivariate extreme value distribution), though Fujii [1990] notes that the
parameters of this distribution are not as easily interpreted as those from Clayton’s
model. Frailty is often conveniently modelled as acting in a multiplicative fashion
(ie as a relative risk), so that individuals with a frailty of unity (those with the mean
estimated lifetime risk in a cohort say), are half as likely to succumb at age t than
those with a frailty of 2.

10.2.3 Oakes’ non-parametric model for bivariate life-tables : Oakes
[1985, 1989] proceeds from this to give a simple description of Clayton’s model for
bivariate survival data [1978, 1985] for (a pair of) relatives such as twins. Let s
denote the age of Twin 1, and S the age at which the disease of interest will or has
developed, and t and T the same values for Twin 2. Let G(s) and H(t) be the
continuous univariate survivor functions of Twin 1 and 2 respectively. If the
transformed G*(s) and H*(t) are exp[1-G(s)-φ] and exp[1-H(t)-φ] respectively (φ>0),
they are also continuous univariate survival functions. He then introduces a
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(gamma distributed) frailty term, so that S and T are independent conditional on z
and Pr{ S>s | z}= G*(s)z and Pr{ T>t | z}= H*(t)z, then shows that the unconditional
joint survivor function F(s,t) (i.e. Pr{S>s,T>t}) is:

This is a "continuation ratio" model, proportional-hazards-like in that the hazard rate

10.9
F(s,t) [G(s) φ H(t) φ 1]

1
φ

for Twin 1 at any age t given that Twin 2 is affected is a constant ratio (1+φ) of the
hazard rate at the same age if Twin 2 is unaffected (and vice versa). Thus (1+φ) is
a measure of the association between survival in Twin 1 and Twin 2, and equals
unity when they are uncorrelated, and ∞ when they are maximally correlated. The
common frailty of the twin pair has a coefficient of variation of φ, that is φ=1/k
(Equation 10.8). Therefore mean frailty is also a function of φ. If important genetic
components of variation exist for frailty for the given disease, the between pairs
variation of frailty for an MZ twin group will be greater than that for a DZ twin
group, as in traditional twin ANOVA. It differs from both ANOVA and Thomas’ and
Langholz’s model discussed below in that no within pair variation in frailty is
possible (though it is for age-at-onset of course). An important point is that this
model easily allows for both right and left censoring.

Oakes discusses a number of methods to estimate φ and its standard error.
If the marginal survivor functions (ie that for Twin 1 and Twin 2 individually) are
known, and are not functionally related to φ, then maximum likelihood methods may
be used. In a semi-parametric framework where no assumptions are made about
the nature of the marginal survival functions, Clayton suggests a "pseudo-
likelihood" estimator based on all possible pairings of twins at risk at a given age (a
"hypersample") from the sample in question. Oakes also discusses a
nonparametric estimator of φ based on Kendall’s tau. This is less efficient than
Clayton’s estimator, unless appropriately weighted. It is derived by noting that
under this model (Equation 10.9), the probability of a twin pair being concordant for
ranked age-at-onset is φ/(φ+2), because the first derivative of the joint hazard
function is:

10.10F(s,t) (φ 1)g(s)h(t)
[G(s)H(t)](φ 1)F(s,t) (1 2φ)

[Oakes 1982]. This is also the expectation for Kendall’s τ, so that φ=2τ/(1-τ).
Oakes [1985] suggests it is best only for preliminary analyses because of its lower
efficiency. Clayton and Cuzick [1985] present the results of simulations comparing
various ML based procedures to this simple estimator and its weighted equivalent.
The estimates of φ from the different methods agreed very closely, but the
unweighted Oakes estimator under low censoring rates had a standard error up to
10% greater than that derived using parametric theory (a loss of efficiency of up to
20%). This difference was less marked in the sample with 50% censoring (where
they were equal). More recent extensions of this work are Hougaard et al [1992]
and Anderson et al [1992].

10.2.4 A proportional hazards model for age-at-onset : Self and Prentice
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[1986] present a number of extensions of the Cox proportional hazards model
suitable for bivariate survival analysis. The first model is very similar in spirit to
that of Clayton [1978, 1985] just reviewed. Survival is modelled as being
dependent on measured covariates and unmeasured frailty. Frailty is common to
both members of a twinship, and arises in this case from a (minus) log gamma
distribution, as it appears in the exponentiated part of the equation, so this is
equivalent to a multiplicative gamma frailty. Therefore, at age t, with a vector of
measured covariates x ij, and frailty zi, where ij represents the jth twin of the ith
twinship is:

The frailty of a given twinship can be estimated as

10.11h(t,xij,zi) h0(t)exp(xij β zi).

where η is the variance of the frailty distribution and Ei(t) is the expected number of

10.12E(zi) log(
1 ηNi(t)

1 ηEi(t)
),

cases in twinship i by age t given x,

- Yij is the censoring function. One could then examine between-pair variability of

10.13Ei(t) Σj⌡
⌠ t

Yij(u)h0(u)exp(xij β)du,

frailty in MZ and DZ twins to test genetic hypotheses. Note that in this model frailty
is time dependent, because it is explicitly estimated as a function of the expected
number of cases in the twinship at age t given x, the frailty being high if an excess
of cases is observed. This is reminiscent of the approximate randomization test
advanced by Chakraborty (1984), Fain and Goldgar [1986], and Schwartz et al
[1988]. In this case, a family’s common frailty is expressed as a morbidity ratio
(O/E), expected numbers being derived from the population covariate-specific
incidence rates, and a significance value being generated by permuting members
of a given family with randomly selected covariate-matched subjects from the entire
(population based) sample a number of times.

The second model is that taken up by Thomas et al [1990] where frailty is
now allowed to vary within a twinship, but is correlated between Twin 1 and Twin 2:

To test given genetic hypotheses, one specifies the size of the intrapair frailty

10.14h(t,xij,zij) h0(t)exp(xij β zij).

correlation, and test the model fit via likelihood ratio test. Self and Prentice note
that the use of multivariate gamma distribution for the frailties in this case is
difficult. Therefore, Thomas et al use the bivariate normal distribution in this case,
and find that:

where r is the correlation in frailty between Twin 1 and Twin 2. In both models,

10.15zi1(t)≈r[Ni2(t) Ei2(t)] [Ni1(t) Ei1(t)],

one can test for heterogeneity of the disorder’s age-at-onset by adding an
interaction term for time.
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To apply this method in practice requires one to alternately estimate z and
h0(t) until convergence. This can be performed using standard packages such as
PECAN [Storer et al 1983]. Thomas et al describe the application of this method to
the occurrence of breast cancer, comparing it to a number of other methods of
expressing association in risk. Since this is the only published application of the
method in twins, it is worthwhile to examine these results. The data represented
475 cases of breast cancer out of 23162 women, where concordant occurrence
was observed in 10 MZ and 15 DZ twin pairs. On unadjusted and adjusted
"traditional" analysis, this represents a significant risk of breast cancer in the cotwin
of a case (crude incidence rate ratios ∼4 and indirectly adjusted ∼2.8), but does not
definitively support a genetic hypothesis. The crude ratio of concordances was
1.4 - 95% CI=0.6 to 3.2 (the ratio of standardised rate ratios was 1.3). Under a
shared environment model this is expected to be unity; under pure genetic
hypotheses, in excess of two.

The authors then performed bivariate survival analysis using a subset of the
data. Using the normal frailty model, the frailty of the MZ twins was 0.98 (ase
0.39) and DZ twins 0.55 (ase 0.31), where frailty is expressed as (observed
number)-(expected number) of cases. The pure shared environment and pure
genetic hypotheses could not be distinguished on likelihood ratio testing.

Finally, and most importantly, they examined interactions between frailty and
covariates such as year of birth. They interpret the statistically significant
interaction term age.frailty.zygosity in the genetic model as evidence for a higher
heritability of early onset breast cancer. This is probably appropriate in that we
know from more powerful studies that a genetic hypothesis is more likely to be
correct than the shared environment hypothesis. They could not fit a full "ACE"
model, including both genetic and shared environmental frailties, due to high
collinearity of estimates of the variance and correlations in frailty [Mack et al 1990].

10.2.5 Gamma parametric survival regression model : Meyer et al [1991]
present an accelerated failure time regression model for path analysis of ages-at-
onset which they comment has many advantages over previous uses of path
analysis in this situation where a normal distribution of age-at-onset is
assumed/required. I have not heretofore spent much time on parametric survival
models, but these represent an important method of modelling survival time, once
an appropriate distribution has been chosen for the baseline hazard involved.
These authors chose the gamma distribution for reasons already alluded to in the
case of modelling frailty. Frailty itself is modelled as being normally distributed.
The correlation between z in Twin 1 and Twin 2 can be estimated, and modelled
via the biometrical approach. Then, with α and β the usual linear regression
coefficients, and z the frailty, the hazard function is:

10.16h(t,z) exp(α zβ)(exp(α zβ)t)k 1exp( exp(α zβ)t)
Γ(k)

,

and one can write a likelihood that include censoring variable Yij for the jth member
of the ith twinship as:

where Φ is the normal pdf. The model as currently implemented is for
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"developmental" ages-at-onset, that is such events as menarche where all
susceptibles are expected to succumb, and the interest lies in age-at-onset per se.
This method reached similar overall conclusions to those obtained via conventional
path analysis when applied to age-at-menarche data in Australian twins [Treloar &
Martin 1990]. In principle, measured covariates and gene-environment interactions
such as (genetic variance).age should be able to be included in the model, though
they have not been included in the example cited.

10.2.6 Complex segregation analysis incorporating age-at-onset :

Abel and Bonney [1990] have described the application of regressive logistic
models (RLMs) to survival data. In modelling the hazard function for disease,
follow-up time is divided into discrete intervals - most conveniently years. Simply,
the hazard during time interval t for the class D regressive model is:

where g is the genotype of the individual (i) under study, and V contains the

10.18λ(t ;g,V) exp(θ(g,V))
1 exp(θ(g,V))

affection statuses of the other types of family member (Zj) and any measured
covariates (X(t)). Then the logit of the hazard function:

where Zj will be 0 or 1 (for unaffected or affected at age of examination) if there is

10.19θ(g,V) αgi γjZj βXi(k)

no missing data, but will be a two dimensional vector if the presence of missing
values has to be incorporated into the model. The likelihood for a family under a
major genetic hypothesis is obtained as before by summation over all possible (m)
genotypes for the n members of the family. It should be noted that problems are
met in including twins in these pedigrees because of our previous problem,
deciding on a natural ordering. Hopper [unpublished] has made some extensions
to this model which may make it more useful in the case of twin families.
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11 TWIN STUDIES

11.1 Biology of twinning

Multiple births are the rule rather than the exception in most mammals,
though in these cases they are due to polyovulation. In man we see dizygotic (DZ)
twins, due to polyovulation, and monozygotic (MZ) twins due to cleavage of the
embryo at the 8 or 16 cell stage [Bulmer 1970]. Known risk factors for DZ twin
pregnancy are high maternal age, maternal tallness, high fecundability, and
fertility/gonadotropin therapy. MZ twinning has no known aetiological factors
(though familial aggregation has been suggested in a few pedigrees). MZ twins
are uncommon in other mammalian species, with the exception of the armadillo,
used extensively as an animal model.

In Australia in 1982, there were 5.5 per 1000 DZ twin confinements and 4.8
per 1000 MZ twin confinements [Doherty & Lancaster 1986]. As in most developed
countries, the DZ twinning rate has fallen over time - from 8 per 1000 during the
first half of this century.

11.1.1 Morbidity associated with twinning : Twins at birth differ from
singletons in a number of ways that have relevance to the analysis of disease.
Risk of premature birth is increased. Pre-eclampsia and its effects on the fetus are
increased [Beischer & Mackay 1983], as is maternal anaemia. Malpresentation of
the fetus at delivery, particularly the aftercoming twin, is increased. Overall
perinatal mortality is currently approximately four times higher than that for
singletons in developed countries [eg Petterson et al 1993], and was higher still in
earlier birth cohorts, as well as in less developed countries. Occurrence of a
number of diseases are increased in premature or birth injured infants, such as
respiratory illness [Drillien 1958; Rona et al 1993], and neurological disorders such
as cerebral palsy [Petterson et al 1993]. In addition, there are conditions unique to
multiple birth such as twin-twin transfusion syndrome.

11.2 Rationale for twin studies

I have already explored how the observed correlation between pairs of
individuals of differing degrees of genetic relatedness can be used to test genetic
hypotheses. These same methods are also applied to twin data, with or without
data from other relatives (twin-family study). The main advantage to using twins is
the possibility of controlling and indirectly measuring unobserved shared
environment. The types of twin study that have this property are the twin adoption
design, the classical twin design, and the cotwin control design. The classical twin
design is the study of MZ and DZ pairs where both members of the pair have been
reared in the same (family or shared) environment. An older twin design that
cannot differentiate (unmeasured) shared from unshared environment is the study
of MZ twins reared together.

A second quality of the classical twin design is to some extent a
contradiction to the first property I have mentioned. It is that the large MZ to DZ
(and more distant relatives) difference in the intrapair correlation between
dominance deviations makes the detection of nonadditive genetic variation in traits
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easier, in the case where shared environmental influences are smaller. Thus
Penrose [1953] states, "..a relatively strong likeness between monozygotic twin
pairs, together with a weak likeness between dizygotic pairs or ordinary sibs, is
suggestive of multiple gene causation with a sharp threshold controlling
manifestation".

11.2.1 Galton : Sir Francis Galton [1876] was the first author to suggest the
examination of twins as a method for determining the contributions of heredity and
upbringing. He was initially unaware of the distinction between MZ and DZ twins
made by Dareste in 1874 [Vogel & Motulsky 1986], and believed opposite sex
pairs could arise from a single ovum [Rende et al 1990]. By 1883 however, he
would state that opposite-sex twins "[are] never due to the development of two
germinal spots in the same ovum", and that the MZ/DZ dichotomy explained "...a
curious discontinuity in my results...Extreme similarity and extreme dissimilarity
between twins of the same sex are nearly as common as moderate resemblance".
His main analyses were to examine changes in twin similarity over time in two
groups: those who were similar when young - where he looked for divergence with
increasing age; and those who were dissimilar when young, in both cases arguing
that if such environmental factors were of importance, similar parental treatment
would lead to increasing similarity with age until the twins moved apart, whereupon
similarity would decrease. This was the method used in several early studies by
Thorndike [1905] and others.

11.2.2 Siemens : Siemens’ book "Die Zwillingspathologie" [1924] was the
first systematic description of the classical twin design. The key features are firstly
the method of collecting adequate representative samples of twins (in his case
through schools); diagnosis of zygosity by the use of multiple criteria; and the
comparison of MZ and DZ correlations on the trait of interest from twins that have
been reared together. Siemens would conclude that a trait was under genetic
control if MZ twins were strongly concordant for a trait, while DZ twins were less
concordant. His comment on the finding of a correlation between MZ twins of 0.4
for number of naevi, and 0.2 for DZ twins was that "[t]hese results are exactly as
one would anticipate in an idiotypical nevus disposition...". The German school of
twin research which developed his methods however tended to discount genetic
influences on traits for which less than perfect MZ concordance was observed.

11.2.3 Bonnevie : In a classic paper [1924], this author reviews earlier
studies of fingerprints in "true duplicate" (ie MZ) twins, and then describes her own
study. The 31 pairs of twins were divided into definite (on grounds of facial
similarity) MZ and DZ groups, and two intermediate groups - probable MZ and DZ.
Bonnevie hypothesised finger ridge count to be a polygenic trait (she attempted to
fit five locus models to pedigree data). She concluded that the Pearson
correlations seen for sib pairs (r=0.59), DZ twin pairs (r=0.53), MZ twin pairs
(r=0.92), and within individuals (left versus right hand; r=0.86), strongly suggested
genetic determination of this trait.

11.2.4 Newman, Freeman and Holzinger : This group [1937] described a
ten year research program including a classical twin study of 100 pairs of twins,
and a MZ twin adoption study of 19 pairs. Newman regarded MZ twins reared
apart as the closest "natural" equivalent to an experimental design in which the

213



influences of rearing on development could be assessed, controlling for genetic
endowment. Holzinger developed analysis of variance methods to estimate
heritability, which were in use until the 1970s.

11.3 Classical Twin Design

The core of the classical twin method is the fact that MZ and DZ twins are
two classes of relative pairs in which we can assume shared (and unshared)
environmental influences would act in the same way if the pair has been reared
together. The interpretation of the difference between MZ and DZ phenotypic
covariances is then cleaner than that of differences between other classes of
relatives, as unless zygosity-environment or gene-environment interaction or
correlation is present, the effects of shared environment can be cancelled out in the
analysis.

Therefore, as Siemens practiced, the classical twin study requires (1)
collection of an appropriate sample of MZ and DZ twins reared together; (2) correct
assignment of zygosity; (3) statistical analysis comparing means and variances of
the measured trait in the MZ and DZ groups to exclude zygosity × environment
effects; and (4) statistical analyses inferring the sources of resemblance among the
twins based on the MZ/DZ difference in concordance.

11.3.1 Sampling of twins : Two broad sampling designs are used for the
classical twin design - single (and complete) ascertainment, and population
sampling. In the former case, pairs are included in the sample if one (or both) of
the twins is expressing the trait of interest, whether discrete or at one extreme of a
continuum. In the latter case, complete pairs of twins should be incorporated into
the study sample regardless of their trait values. In both cases, a particular form of
sampling bias may arise, where pairs that are more concordant for the trait of
interest than the general population of twins are recruited. This may be self-
selection by twins, or referral or selection by physicians or other research workers
of twins for entry into the study. A number of clinic based studies of disease have
obviously been affected by such processes.

Volunteer samples of twins tend to contain more MZ than DZ twins, and
more females than males, both tending to be in ratios of 2:1 [Lykken et al 1978].
This is well known, and after appropriate stratification does not interfere with
analysis. An obvious point is that both members of the twin pair need to be
recruited into a twin study. In the case that recruitment of both members of the
twin pair into the study is contingent upon the trait of interest, examination of
"singles", where only one member has taken part, can suggest whether a sampling
bias is in fact present. Models for correcting the analyses of data where this
problem has been detected were described by Neale et al [1993].

11.3.2 Equality of environments assumption : This is the most vexed
question in study of twins reared together. MZ twins differ from DZ twins in a
number of behaviours and environmental exposures that could modify the MZ
phenotypic correlation. These include the biological mechanism of formation,
nature of placentation, complications of the MZ pregnancy and delivery, parental
treatment, amount of time spent together, and frequency of contact as adults.

11.3.2.1 Equality of parental treatment : MZ twins are often treated more
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similarly by their parents than are ordinary siblings or DZ twins. This includes
being dressed identically as children, and parents having similar expectations in
terms of behaviour and development. One test of whether such treatment induces
greater similarity is to compare twins where zygosity has been misdiagnosed to
twins of their correct zygosity. Several studies have shown that MZ twins believed
to be DZ by themselves and their parents are as concordant as correctly diagnosed
MZ twins for a number of personality traits [Scarr 1968; Matheny et al 1976;
Matheny 1979]. Most recently, Kendler et al [1993] have examined concordance
for five major psychiatric conditions - generalised anxiety disorder, depression,
bulimia nervosa, alcoholism and phobia. Out of 590 MZ twin pairs, both members
of 64 (11%) pairs thought they were DZ, and a further 8% were uncertain
(disagreed between themselves, or did not know). Of the 440 DZ pairs, 9.6% were
uncertain. Fitting of an MFT model did not find any evidence that perceived
zygosity altered twin concordance.

11.3.2.2 Equality of environmental exposures : MZ twins are more likely
to remain in close contact in adulthood than DZ twins, and high frequency of
contact has been found to be associated with increased correlation for behaviours
such as years of education, alcohol and cigarette usage, political and social
opinions, and personality [Clifford et al 1984; Heller et al 1988; Rose & Kaprio
1990; Lykken et al 1990]. One hypothesis is that twins that are more similar in
personality and behaviours tend to stay in contact with one another. Evidence
supporting this view has been adduced by Lykken et al [1990] and more recently
Posner et al [unpublished]. This must be the case for such variables as education
level in older twins. It should be noted that the magnitude of the association
between contact and similarity is usually small.

The alternative view of "social contagion" has been supported by the work of
Rose and Kaprio [1990] for alcohol use and neuroticism on the Eysenck Personality
Inventory. The analyses these groups have performed are actually Galton’s
paradigm, in that change in similarity versus changes in contact over time are
examined to determine the direction of causation between the two variables. If
intensity of contact causes MZ twins to become more similar, duration of contact
will act to increase the difference in concordances between MZ and DZ twins.
Rose and Kaprio [1990] comment that models incorporating information on contact
did not actually lower heritability of traits, but did increase the estimated effects of
shared environment at the expense of a reduction in unshared environmental
effects.

If social contact does in fact lead to increased similarity among twins, this
must either act as a shared environmental factor, in that both twins are exposed to
the same environments, or allow (competitive) interaction between the twins. In the
latter case, one would expect phenotypic variance differences between different
levels of contact, as well as among MZ and DZ twins.

11.3.2.3 Placentation : Three quarters of MZ twins share a monochorionic
placenta, while all DZ twins are dichorionic (Table 11.1). Reed et al [1989, 1991]
have presented evidence that dichorionic MZ twins were less similar than
monochorionic MZ twins on Apolipoprotein A1 level as well as Type A personality
as measured by the Jenkins Activity Survey. Estimation of placental type was
performed via discriminant function analysis of fingerprint data, a method not used
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by any other group to date. If these findings for quite different traits are replicable,
then overall MZ concordance will be inflated due to these "maternal" effects not
seen in other sibships.

Table 11.1 Confirmed chorionicity of MZ and DZ twins in four studies.

Study Zygosity
Single

Placenta
Two

Placentae
(DC)

Total

MC DC

Husby et al [1991] MZ 59 (53%) 22 30 111

DZ like-sex -- 34 45 79

Derom et al [pers comm] MZ 1001 (73%) 193 180 1374

DZ -- 1022 1133 2155

Reed et al MZ 70 (65%) --- 38 --- 108

Ramos-Arroyo et al [1988] MZ 73 (72%) 11 17 101

DZ -- 27 42 69

11.3.2.4 Mechanism of MZ twinning : A number of MZ female twin pairs
discordant for X-linked disorders have underlined the role of X inactivation in
phenotypic expression of these traits. In these pairs "mirror lyonisation" or skewed
X inactivation is present, with X chromosomes from the different parents inactivated
in each twin. Discordance in MZ twins due to genetic imprinting has also been
observed, and it has been suggested that somatic mutation early in development
could affect yet other traits. Hall [1992], and Burn [1992], have used these
observations to suggest that discordance between cell phenotype in the embryonal
inner cell mass may lead to MZ twinning. Evidence to date has been limited to
these monogenic conditions, and Trejo et al [1993] found no evidence for such
processes in 32 MZ pairs (in fact skewing was in the same direction in both
members of the pair where extreme).

Another property of MZ twinning reported is mirroring of physical
characteristics. Asymmetries in development of the skeletal system, congenital
skin lesions, hair whorling, and colour of each eye have been noted to be to one
side in one twin, and to the other in the cotwin. An excess of left handedness in
twins was reported early this century [Newman et al 1937], and was thought due to
similar processes within the brain. For this trait at least, increased birth trauma in
twin birth is an alternative mechanism.

11.4 Analysis of continuous traits in the classical twin design

11.4.1 Variance components : For the case of continuous traits where
bivariate normality within twin pairs, the same biometrical genetic theory reviewed
above holds. Specifically, neglecting gene × environment interaction and epistatic
effects, and assuming panmixia, we write,
where Pi is the phenotypic value of the ith member of the twin pair. Then, we can
write expressions for the means, variances and covariances of the trait within twin
pairs of different zygosities:
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The solution of these equations is optimally carried out by maximum likelihood

11.1
Pij Gij Dij Cij Eij

µP µG µD µC µE

σ2
P σ2

G σ2
D σ2

C σ2
E

11.2
Cov(P1,P2)MZ σ2

G σ2
D σ2

C

Cov(P1,P2)DZ
1

2
σ2

G
1

4
σ2

D σ2
C

methods, and can be performed by iteratively reweighted least squares (eg GLIM),
or numerical maximisation of the likelihood expression, either for the summary
moments for the entire sample (as in LISREL), or by summing over twinship
likelihoods (eg FISHER).

Falconer [1965] suggested a simple estimator for the heritability of a trait
applicable to the classical twin design, given that the effects of dominance are
small or absent,

where r denotes the intraclass correlation. From this, if significant dominance is

11.3
H 2(rMZ rDZ)

σ2
G

σ2
P

3

2

σ2
D

σ2
P

absent, the domesticity or cultural transmissibility can also be calculated by
subtraction. The other "traditional" approach is an ANOVA. This model, after
Kempthorne [1961] and Haseman and Elston [1970] is derived from the above
equations,

Source of Variation df Expected Mean Square

Among MZ pairs NMZ-1 2σa
2+2σd

2+σe
2+σc

2

Within MZ pairs NMZ σe
2+σc

2

Among DZ pairs NDZ-1 3/2σa
2+5/4σd

2+σe
2+σc

2

Within DZ pairs NDZ 1/2σa
2+3/4σd

2+σe
2+σc

2

So,

and two unweighted F tests for the presence of genetic variation can be performed,

11.4E(MAMZ MADZ) E(MWDZ MWMZ)
1

2
σ2

a
3

4
σ2

d

the most powerful of which is,

Again, if dominance is absent, MWDZ-MWMZ is half the additive genetic variance, σa2.

11.5F
MWDZ

MWMZ

A preliminary F test to test for equality of the total variance of the trait in MZ and
DZ twins should be performed, one form of which is [Christian 1974]:
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11.6F
MADZ MWDZ

MADZ MWMZ

but more usually, simply,

11.7F
s 2

MZ

s 2
DZ

In both cases, the degrees of freedom have to be adjusted for the dependent
nature of the data. An alternative, that I have used, is to perform a randomization
test on these F ratios. These models give rise to simple heuristics for intraclass
correlations for a single variable (Table 11.2).

Table 11.2 Genetic hypothesis testing for a single continuous trait in the classical
twin design. The MZ and DZ intraclass correlations are rMZ and rDZ respectively.

Relationship Interpretation

rMZ > 4 rDZ Epistasis

rMZ > 2rDZ Genetic dominance (or epistasis;
shared environment small)

2rDZ > rMZ > rDZ Additive genes and shared
environment (genetic dominance small)

rMZ = 2rDZ Additive genetic effect - either
monogenic or polygenic

rMZ = rDZ > 0 No genetic contribution - effects of
family environment

rMZ = rDZ = 0 No familial aggregation

11.4.2 DeFries-Fulker (DF) regression : This is a relatively simple model
for analysis of variation of quantitative variables in pairs of relatives [LaBuda et al
1986; DeFries & Fulker 1985; Cherny et al, 1992]. An advantage is that
ascertainment correction is straightforward. Briefly, it quantifies the regression to
the mean in the (correlated) MZ and DZ cotwins of selected probands. More
formally, the method requires the fitting of a regression equation:

where P=Proband score, C=Cotwin Score, R=Coefficient of relationship for pair,

11.8C B3P B4R B5PR A

and A=intercept. Then:
where the bar denotes mean. If both twins are probands, or the sample is
unselected, the pair is double entered - t-tests and standard errors must be
appropriately corrected for this. In the case of unselected pairs, the estimates of
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heritability are unbiased, but less efficient than the full ML approach. Hierarchical

11.9
B3 c 2

B4 2 CMZ CDZ PMZ(h
2 c 2) PDZ(

1

2
h 2 c 2)

B5 h 2

models can be fitted - shared environmental and additive genetic. The approach
standardises the trait variances and means across the zygosity groups, and so
preliminary testing for equality of means and variances are required. Robust
covariance estimators such as those provided by SAS PROC REG make this
method attractive in the face of heteroscedasticity and non-normality of the trait
[White 1980].

11.5 Approaches to analysis of binary traits in the classical twin design

11.5.1 Concordance : The usual statistic calculated for binary traits in twins
is the twin concordance. Different estimators have been used. Under the
assumptions of complete ascertainment and interchangeability of twins, the
probandwise concordance (PC) is the maximum likelihood estimator for the
recurrence risk, and is identical to the casewise concordance. For the entire
population of twin pairs, following the notation of section 9.1.2,

and is thus determined by the pairs containing at least one affected member. The

11.10PC
a

a 1

2
(b c)

2a
2a b c

asymptotic (MLE) variance of PC is,

where a is the number of concordant pairs, and N is the number of concordant and

11.11σ̂2
PC

PC(1 PC)(2 PC)2

2N
4aN(N a)

(a N)4

discordant pairs (a+b+c in Equation 11.10). I am grateful to Dr Camlin Tierney for
the derivation of this result, which was stated in a more complex form by Hannah,
Hopper and Matthews [1983], and also arises directly from the estimator described
by Li and Mantel [1968]. The closely agreeing jackknife alternative is,

Under complete ascertainment, the pairwise concordance PPW (a/a+b+c) is related

11.12σ̃PC

4a(N a)(N 1)3

N 2(a N 1)2(a N 2)2

to PC as,

which allows construction of exact Pearson-Clopper confidence limits.

11.13PC

2PPW

1 PPW

When ascertainment is less than complete, and/or secondary ascertainment
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occurs (that is diagnosis in the cotwin is made after the pair is detected via the
proband twin), the probandwise concordance is,

where C2 represents the number of concordant pairs containing two probands (both

11.14PC

2C2 C1

2C2 C1 D

diagnosed on the first pass), C1 the number of concordant pairs where the cotwin
was diagnosed after being ascertained via the proband, and D the discordant pairs
[Allen & Hrubec, 1979]. Under single ascertainment, this approaches the pairwise
estimator (PPW=C1/(C1+D)). Davies [1979] gives a simple variance estimator for PC

under incomplete ascertainment.
This approach leads directly into that of James [1971] as extended by Risch

[1990], given an additive relationship between the effects of shared environmental
factors and genes. Tabulated below (Table 11.3) are the broad conclusions that
may be reached by the comparison of MZ and DZ PRR’s. The first line is
supported by the relationship between PRRM, PRRD and PRR1 under a single gene
model mentioned earlier.
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Table 11.3 Genetic hypothesis testing for twin studies. PRR is the Population
Risk Ratio, which equals probandwise concordance divided by population
prevalence.

Relationship Interpretation

PRRM > 4 PRRD Epistasis - must be polygenic

PRRM-1 > 2(PRRD-1) Genetic dominance (or epistasis)

PRRM-1 = 2(PRRD-1) Additive genetic effect - either
monogenic or polygenic

PRRM = PRRD > 1 No genetic contribution - effects of
family environment

PRRM = PRRD = 1 No familial aggregation

11.5.2 Coincidence rate : Allen [see Cederlöf et al 1971; Kaprio et al 1977]
suggested the use of the coincidence "rate", a/(a+b+c+d), which was standardised
as a ratio of that expected under the hypothesis of no association. It can be shown
that this ratio equals half the population risk ratio.

11.5.3 Phi coefficients : Essentially the same rules apply to phi coefficients
calculated from simple samples of twins as those for intraclass correlations for
continuous traits. I will examine one particular example where a trait is solely
under the control of a single low penetrance diallelic autosomal dominant gene,
with gene frequency q(A)=0.2, and penetrances fAA=fAB=0.2, fBB=0 - this is the
model for asthma proposed by Cookson et al [1988]. Using Equation 9.3, one can
calculate the distribution of pairs in the population arising under this model (Table
11.4).
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Table 11.4 Expected distribution of concordance in monozygotic and dizygotic twin
pairs under an intermediate autosomal dominant model.

Zygosity Concordant
Affected

Discordant Concordant
Unaffected

Odds
Ratio

Relative
Risk

Phi Tetrachoric
r

MZ 14.40% 11.52% 87.04% 3.78 3.22 0.138 0.349

DZ 0.95% 12.50% 86.55% 2.11 1.07 0.065 0.191

The population prevalence of the trait is 7.2%. Under the James/phi model, the
additive genetic variance is 0.008192 (12.3% of phenotypic variance) and the
dominance variance 0.001024 (1.5%). The binomial heritability is the ΦMZ (13.8%),
which is estimated as 14.6% using the Falconer formula. Analysis using the
tetrachoric correlation would lead to the estimation of a small component of
variation due to shared environment. Several monogenic models give rise to
exactly these same results (Table 11.5), thus confirming that segregation analysis
using twins alone is limited (though not completely uninformative).

Table 11.5 Monogenic models giving rise to identical expected prevalence and
recurrence risks in pairs of relatives (solved for by numerical minimisation using
NAG routine E04JAF).

Frequency
q(A)

Penetrance

AA AB BB

0.0666 1.0000 0.2626 0.0401

0.0905 0.7995 0.2227 0.0348

0.2000 0.2002 0.2000 0.0000

0.2415 0.3994 0.1173 0.0100

0.3041 0.3388 0.0945 0.0014
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11.6 Application of threshold model to twins

The MFT can be fitted to binary or ordinally classified traits as was outlined
in the last chapter. Analyses are either performed by direct model fitting to
contingency tables, or by weighted least squares methods, as described by
Muthen, and implemented in PRELIS [Jöreskog & Sörbom 1989]. The current
strengths of this latter approach are the ease in which multivariate genetic models
can be fitted, and the ability to fit to ordered categories and to combinations of
continuous and discrete traits. This is not yet the case for analyses using the phi
coefficient or the population relative risk.

11.7 Other twin analyses

11.7.1 Analysis of cotwin control data : The twin-cotwin matched case-
control design (cotwin control design) is seen as a useful method of assessing
associations between traits of interest and covariables. Its main strength is the
absence of a need for ascertainment correction when twin pairs are ascertained via
a proband (since both twins become probands). Usually, the ascertained trait is
dichotomous, therefore twin pairs are selected that are discordant for this trait. The
test for association between a continuous covariable and the trait is then a t test of
the intrapair difference of the covariate. In the case of monozygotic (MZ) twins,
interpretation of results is straightforward, but other classes of relatives are often
used. I here derive an expression for the expected intrapair difference under a
bivariate genetic factor model in relative pairs of different degrees of relationship.

11.7.1.1 Genetic correlation model: Let Xi denote the selected trait and Yi

the covariable in relative i. The variances and covariances of X and Y in the
population can be expressed as a cholesky decomposition bivariate genetic factor
model containing common and unique additive genetic, shared environmental and
unshared environmental components of variance [Neale & Cardon 1992]. I write
the path coefficient from the common additive genetic component to trait Y as hyc,
and that from the unique additive genetic component as hys, and so on (Figure
11.1). The additive genetic factors are correlated α within the pair (where α is the
coefficient of relationship), while shared environmental influences are modelled as
being perfectly correlated within the pair.

To derive the conditional expectation for the intrapair difference for trait Y
(∆Y) given the pair is selected for discordance of a binary trait X (Twin 2 affected,
Twin 1 unaffected), I have solved the usual regression equation [Cliff 1987; p 86]:

where Sx is the covariance matrix for X [X1 X2]’, Β the regression coefficients, Sxy

11.15SxΒ Sxy ,

the covariances of X1 and X2 with ∆Y (Y2-Y1), and X and Y are expressed as
deviation scores. X is coded as a dummy variable taking values of 0 and 1 for
absent and present - the population mean of X is the trait prevalence (P), the
variance P(1-P), with an upper bound of ¼, as in the phi models discussed above.
Therefore,
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and,

11.16∆Y XΒ ,

In the case of the factor model,

11.17Var(∆Y) Β Sxy .

and since Cov[X,Y2-Y1] = Cov[X,Y2] - Cov[X,Y1],

11.18Sx













h 2
xc c 2

xc e 2
xc

αh 2
xc c 2

xc h 2
xc c 2

xc e 2
xc

,

Solving Equation 11.15 gives:

11.19Sxy











(1 α)hxchyc exceyc

(1 α)hxchyc exceyc

.

For discordant pairs on the binary variable X, X2-X1=1, so for monozygotic and

11.20∆Y
(1 α)hxchyc exceyc

(1 α)h 2
xc e 2

xc

(X2 X1) .

dizygotic (DZ) twins (as well as other first degree relatives),

We can determine of course whether the environmental correlation is zero

11.21

∆YMZ

exceyc

e 2
xc

eyc

exc

∆YDZ

hxchyc 2exceyc

h 2
xc 2e 2

xc

.

(∆YMZ=0). Since the variance of ∆Y is

we can solve for the genetic and environmental covariances between X and Y,

11.22σ2
∆Y 2

[(1 α)hxchyc exceyc]
2

(1 α)h 2
xc e 2

xc

,

11.23CovE exceyc

σ2
∆YMZ

2∆YMZ

,

11.7.1.2 Phenotypic Interaction Models : An alternative situation to that
described by the cholesky decomposition factor model is the phenotypic causation
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model where X causes Y (or Y causes X) directly. I will now denote the phenotypic

11.24CovG hxchyc

σ2
∆YDZ

∆YDZ

σ2
∆YMZ

∆YMZ

.

path coefficient from X to Y as i, the additive genetic path coefficients for X and Y
as hx and hy and so on (Figure 11.2). Then,

and,

11.25Sx
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x
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x e 2
x

,

which substituted into Equation 11.15 gives,
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,

If X2-X1=1, for MZ and DZ twins we obtain,

11.27∆Y
i (αh 2

x c 2
x )i

(1 α)h 2
x e 2

x

(X2 X1) .

The variance of ∆Y is,

11.28

∆YMZ

(1 h 2
x c 2

x )i

e 2
x
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x 2c 2

x )i
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and,

11.29σ2
∆Y 2

[i (αh 2
x c 2

x )i]2

(1 α)h 2
x e 2

x

,

The most interesting finding in this case is the influence of shared

11.30i 1

(1 c 2
x )

σ2
∆YMZ

2∆YMZ

.

environment in attenuating the effects of i on ∆Y, which was not seen when the
correlation between twins was due to unmeasured (unshared) environmental
confounding. If the phenotypic causal path runs from Y to X (with path coefficient
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i’), the usual assumption made in case control studies, then X has an additional
source of variance:

so that,

11.31Sx
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Again setting X2-X1=1,

11.33∆Y
i (αh 2

y c 2
y )i

(1 α)h 2
x e 2

x i 2 (αh 2
y c 2

y )i 2
(X2 X1) .

The variance in this case is given by,
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The covariance in MZ twins between X and Y is,

11.35∆Y
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11.7.1.3 Conclusion : These results offer a uniform framework for the
interpretation of cotwin-control data, a type of study that although less efficient than
analysis of all pairs, is more robust to complex ascertainment, as is seen in
subgroup analyses within larger samples ascertained on a trait correlated to the
one of interest (I am grateful to Mike Neale for this point). In the practical
examples in Chapters 18 and 19 however, I will not formally attempt to estimate
genetic and environmental covariances between asthma and covariates, but
interpret them qualitatively.
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Figure 11.1 Path diagram for Choleski decomposition bivariate genetic factor
model. α is the coefficient of relationship.
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12 PRESENT STUDY DESIGN

12.1 Overview/flow diagram

I have actually performed several studies nested within each other. The first

phase has consisted of screening items in questionnaires previously sent out to

large samples of adults enrolled on the Australian Twin Registry (ATR). Those

reporting a history of asthma or wheezing have then been mailed a detailed

respiratory symptoms questionnaire. Mothers of these twins have been interviewed

using similar questions. Finally, those subjects returning this questionnaire and

resident in a major city have been invited to take part in clinical testing.

The broad aims of the studies overall were to:

(1) Assess heredity and environment in the aetiology of asthma and how these

factors interact.

228



(2) Assess the relationship between asthma, bronchial reactivity and heredity.

(3) Identify modes of inheritance of asthma and allergy (in nuclear family groups).

12.1.1 Initial screening (Q1): This allowed diagnosis of asthma and atopy

in a large community sample of twins. Testing of hypotheses explaining the

aggregation of conditions within twin pairs and individuals could be carried out.

Effects of age, sex, and several covariates including cigarette smoking were

evaluated.

12.1.2 Followup screening (Q2): In the twins born prior to 1964, a second

questionnaire mailed eight years after the Q1 obtained longitudinal data allowing

validation of the original diagnoses, estimation of the incidence of new disease, and

a refining of the screening items.

12.1.3 Respiratory symptoms questionnaire (Q3): Detailed information

on respiratory symptoms facilitated further checks on validity and reliability of the

original diagnoses. A history of asthma especially covering time of onset and

severity over time allowed tests of genetic heterogeneity of early and later onset

asthma. Extensive information on environmental exposures allowed testing of

standard epidemiological hypotheses using multivariate analyses as well as cotwin

control analyses. Data on respiratory disease in first degree relatives for path and

segregation analysis was also collected.

12.1.4 Field testing : A final step in the validation of the diagnosis of

asthma. This measured phenotypes such as bronchial responsiveness, total sIgE

level, and skin atopy which are of interest in their own right, quite aside from the

association with asthma. Collection of blood samples allowed genotyping of twins -

confirmation of zygosity, linkage and association analysis of determinants of

asthma and atopy.

12.1.5 Telephone interview of mothers of twins (Q4): To validate the

data reported by the twins on their relatives, mothers were asked to cross-report

allergic and respiratory conditions in the twins, themselves, their spouses and other

offspring. Use of a single source of information on the family is of limited reliability.
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12.2 Hypotheses

The more general hypotheses that I have tested are that:

(1) Occurrence of asthma and allergy is partly determined by heredity.

(2) The predisposition to allergy is general rather than allergen specific, and a

major gene is responsible for this.

(3) However, genetic influences specific to asthma, eczema, and possibly

hayfever, also exist.

(4) These may include previously suggested genes such as the ADA gene for

asthma.

(5) Nonallergic ("intrinsic") asthma is genetically the same as allergic ("extrinsic")

asthma.

(6) Subclinical bronchial hyperreactivity is a form fruste of asthma.

(7) Subclinical bronchial hyperreactivity is associated with allergy.

(8) In the nonasthmatic DZ twins of asthmatics, bronchial reactivity will exhibit a

bimodal pattern compatible with major gene segregation, excluding effects of

environmental influences such as tobacco use or recent viral respiratory

infection.

(9) In MZ twins discordant for the occurrence of asthma, this difference will be

explicable in terms of known environmental risk factors.

12.3 Design of questionnaires

Four questionnaires have been used during the course of this study. Two of

these were designed by Dr Nicholas Martin and other coworkers - I produced the

other two. Those of Dr Martin were extensive screening questionnaires that

concentrated on personality and lifestyle factors, though they did include the

disease screening items I have used for this work. The relevant sections of these

are described below. The questionnaires I have written were designed to validate

the diagnosis of asthma, and obtain data on respiratory symptoms, environmental

exposures relevant to respiratory disease, and family history.
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12.3.1 Rationale : A number of the questionnaires developed for respiratory

epidemiology do not collect adequate information on asthma and atopy. For the

purposes of genetic epidemiology, mild symptoms distant in time must also be

asked after, for the diagnosis of intermediate or "carrier" states. Most recent

questionnaires concentrate on symptoms occurring over no more than the previous

twelve months because of a distrust of recall of such milder symptoms.

As a result, I have combined concepts from a number of instruments used

by other investigators. Originally, I compiled a list of items from several such

sources, which then served as a basis for the current questionnaire. These

included: the ATS-DLD-87; the IUATLD bronchial symptoms questionnaire; a

questionnaire used by Clifford et al [1987] which drew on Mortgagy et al [1986];

and the Tasmanian Asthma Foundation Questionnaire, especially as a model for

items asking after childhood events.

12.3.2 Design : The Q3 questionnaire begins with an initial screening

(switch) question about lifetime wheeze (see Appendix 1). If an affirmative answer

to this is made, the individual completes items on doctor diagnosis, frequency and

recency of symptoms, type of medication used, and history of hospital admission

for asthma. This is followed by a checklist of various aggravating/precipitating

factors for wheeze.

All subjects then continue to give details about symptoms of hayfever and

precipitants, eczema, and lower respiratory tract infection. The MRC questionnaire

items for the diagnosis of chronic bronchitis then follow. A number of items on

childhood respiratory disease, exposure to pets and cigarette smoke, home type

and location over two epochs (under two, and two to fourteen) then follows.

Subjects then complete a work history, and a brief series of handedness items.

Finally, the twins are asked to report on medically diagnosed asthma, hayfever,

eczema, chronic bronchitis and emphysema in parents, siblings, spouse(s) and

offspring.
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12.4 Performance of field phase

12.4.1 Sample size calculations : The final sample of twins collected (419

complete pairs) was exactly in the range I had anticipated, based on the previous

cooperation rates encountered in studies involving twins from the Australian Twin

Registry. The prediction was reached on assuming a 80% positive response to

invitation from both members of 275 eligible twin pairs from the first survey, and

from an estimated 180 eligible pairs from the second survey (based on Registry

data).

I then used the tabulations of Martin et al [1978] to determine which genetic

hypotheses could be tested using a sample of twins of this size (see Table 12.1).

For example, if the heritability of a trait such as bronchial responsiveness was 60%,

and the domesticity 10%, then 400 pairs was ample to reject the pure shared

environmental model (where familial aggregation is entirely due to environmental

factors), but would not be able to detect any effect of shared environment.

Table 12.1 Power to reject incorrect models of twin concordance for a continuous

trait, based on likelihood ratio testing.

True pattern of determination of trait: Proportions of variance due to each source

* *

E specific env. 0.1 0.1 0.1 0.3 0.3 0.3 0.5 0.5

C shared env. 0.1 0.3 0.5 0.1 0.3 0.5 0.1 0.3

A additive genes 0.8 0.6 0.4 0.6 0.4 0.2 0.4 0.2

Number of pairs required to reject simpler models for data (α=0.05, Power=0.95)

E no aggregation 27 26 25 44 42 39 85 77

CE shared env. only 44 59 94 235 455 1542 1002 3567

AE additive genes only 11315 1207 417 14553 1583 558 17929 1963

* Likely models a priori
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12.4.2 Choice of staff/funding levels : I had previously piloted the clinical

protocol I wished to perform, and had found that I required 1 hour to test one pair

of twins. I expected approximately 400 pairs of twins to take part in testing, of

whom half would live in the Melbourne area. In addition to the actual time spent

testing, there would be the time required to contact each pair of twins and arrange

a convenient appointment, possibly half an hour per pair tested successfully, and

the processing of the blood samples (which averaged two to three hours a day, but

occasionally took up twice this amount of time). This suggested that additional

staff were required.

The rate-limiting step in the protocol was the bronchoprovocative test. This

suggested the most efficient arrangement would be to have trained personnel

performing challenges, and one other person (a nurse) performing skin prick testing

and venepuncture. Blood processing would either be performed by myself, or

contracted out to laboratories at each testing centre. Initial enquiries suggested

that respiratory technicians might be available for casual work outside of normal

laboratory hours. However, I was fortunate in recruiting a scientist with

qualifications in biochemistry who had also worked in a respiratory laboratory. Ms

Teresa Barrington therefore met these two needs simultaneously.

In practice, most twin pairs were tested using one spirometer - so while one

twin underwent the respiratory function testing, the other underwent skin testing,

venesection, and completed a questionnaire related to another project - norming

the Grossarth-Maticek Personality-Stress Inventory. Additional nursing staff were

used on busy days in Melbourne, Adelaide, Perth and Sydney.

12.4.3 Venues for testing : Although the procedures used in this part of

the project could be carried out in virtually any location, the subsequent processing

of the blood collected from the twins required access to basic pathology laboratory

facilities. In addition, although skin prick allergen testing and bronchial provocative

testing with nonspecific agents such as histamine are extremely safe, performing

these procedures in a medical setting minimises risk even further. For these

reasons, plus the option of obtaining additional trained staff and equipment if

necessary, testing in each case was performed in a respiratory testing laboratory

within a major hospital (except in Geelong, where they were performed in a private
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laboratory). The venues and contact persons in each case are listed below (see

Table 12.2).

Table 12.2 Laboratories in which testing was performed.

City Contact Physician Respiratory Laboratory

Brisbane Dr Charles Mitchell Princess Alexandra Hospital

Self QIMR

Sydney Dr Ann Woolcock/
Dr Ivan Young

Royal Prince Alfred Hospital

Dr Helen Ward Royal North Shore Hospital

Dr John Wheatley Westmead Hospital

Melbourne Dr David Hart St Vincents Hospital

Geelong Dr Chris Steinfort Private rooms

Adelaide Dr Ral Antic Royal Adelaide Hospital

Canberra Dr Stephen Nogrady Woden Valley Hospital

Perth Dr William Musk Sir Charles Gairdner Hospital

12.4.4 Testing protocols : The protocol that these volunteers underwent

was carried out in respiratory function laboratories in seven centres around

Australia (Brisbane, Sydney, Canberra, Melbourne, Geelong, Adelaide and Perth)

by myself and one full-time research assistant (Ms Barrington), as well as nurses or

respiratory technicians recruited as needed. The twins were asked to stop usual

asthma and allergy medications for a set period before testing with the exception of

inhaled steroids (β-agonist inhalers six hours, theophylline preparations twenty-four

hours, most antihistamines three days, and astemizole two weeks prior to testing).

On arrival, twins first had weight and height measured, and were asked a brief set

of questions about smoking, recency of wheeze and lower respiratory tract

infection, current medication use and history of allergen hyposensitisation therapy

(Appendix 2). They then underwent skin prick testing and histamine challenge test

in either order. Finally, twins were photographed as a check on zygosity.
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12.4.5 Skin prick test (SPT): Epicutaneous allergen prick testing with a

panel of 11 allergens all supplied by Hollister-Steier from the same production

batch:

Cockroach mixture - German, Oriental and American

House dust mixture

Dermatophagoides pteronyssinus (D pter) standardised extract

Cat fur and dander

Dog fur

Canary grass

Timothy grass

Southern grasses mixture Bermuda grass, Orchard grass, Red Top,

Sweet Vernal grass, Timothy grass

Perennial Ryegrass

Aspergillus spp mixture

Alternaria spp mixture

Histamine (3.125 mg/ml) buffered saline solution was the positive control,

and glycerine the negative control. The SPT was performed using a Hollister-Steier

prick lancetter (Østerballe standardised needle) on the volar forearm. The mean of

the maximum and its perpendicular wheal diameters (to the nearest millimetre)

were measured after 10 minutes.
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Figure 12.1 Brief histamine inhalation challenge protocol of Yan et al [1984],
drawn after Woolcock [1990]. Cumulative dose of histamine (µmol) is
appended to the boxes.
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12.4.6 Histamine challenge test (HCT): Spirometry was performed seated

using Vitalograph S wedge bellows spirometers [Vitalograph Ltd, Buckingham, UK].

Histamine inhalation challenge testing was performed according to the brief

protocol of Yan et al [1984] as modified in Woolcock [1990], on all twins with a

FEV1 60% or more of age-sex-height predicted value. Each dose of histamine was

administered via a hand pumped DeVilbiss No. 45 nebuliser as a number of

inhalations of saline solution of increasing concentration. Each dose was given at

approximately two minute intervals until either a cumulative dose of 7.8 µmol of

histamine was reached or a fall in FEV1 to 80% of the post-saline inhalation FEV1

was observed (Figure 12.1). Spirometry was performed 60 seconds after each

administration of each dose was completed, and repeated after a further 30

seconds if a significant drop (>100 ml) was observed. The next dose was given

immediately after spirometry. The cumulative dose either was increased twofold

("long" protocol) or fourfold ("brief" protocol) with each dose (save the largest). All

eligible patients were commenced on the "brief" arm of the protocol, unless more

than mildly wheezy at the time of testing. A 10% drop in FEV1 or a distressing

clinical deterioration with any one dose was taken as an indication to switch to the

"long" arm of the protocol. Any broncho-constriction leading to a fall of 10% or

greater in FEV1 was reversed at termination of the protocol by terbutaline or

salbutamol given via an aerosol with spacer.

Subjects who demonstrated a pretest FEV1 below 60% of predicted

underwent a bronchodilator test. Either terbutaline or salbutamol was given via

metered aerosol with a spacer. A rise in FEV1 of 12% from baseline after five

minutes was regarded as a positive result.

12.4.6.1 Choice of spirometer : Initially I had planned to use a spirometer

capable of being interfaced to a computer for real-time acquisition of flow-volume

data. However, to test large numbers of twins, I decided that two spirometers

might be required. At this time, I was kindly donated the use of a Vitalograph S by

the Asthma Foundation of Queensland. This model had the advantage of being

used in all the laboratories throughout Australia where I was testing, so that

comparable devices could be borrowed as required when testing. This spirometer

was used on all testing days. Four other Vitalographs were used in different
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centres when additional staff were available for testing. All spirometers were

calibrated using the same syringes, and I cross-validated using my own volume-

time tracing.

12.4.6.2 Spirometric units of measure : All tracings were recorded on

BTPS scaled paper. Testing was performed within air-conditioned rooms. Daily

ambient temperature was not recorded. Since the main measure of interest was

∆baseFEV1, small inaccuracies in measured volume arising from variation in room

temperature were not considered critical.

12.4.6.3 Calibration of spirometers: The calibration of all spirometers and

absence of leaks was checked daily. This was performed using a different

calibration syringe in each laboratory. All syringes were at least 2 litres in capacity.

Calibration was regarded as acceptable if 2 litre, 4 litre and 6 litre volumes were

recorded to within 100 ml, either at rapid or slow rates of flow.

12.4.6.4 Choice of agent for bronchial provocation testing : My original

preference was to use methacholine because of its favourable side effect profile,

but histamine was the final choice because of availability and stability. Solutions

were made up under sterile conditions (guaranteed by culture of the prepared

solution) by the pharmacies at Royal Brisbane Hospital, St Vincent’s Hospital

(Melbourne), and Royal Adelaide Hospital. The solution was kept refrigerated

(away from light), and once opened, discarded within one month.

12.4.6.5 Calibration of nebulisers : This was examined for each nebuliser

before its first use. The DeVilbiss No. 45 nebuliser is rated to deliver 0.003±0.001

ml of solution with every actuation. In practice, this is slightly dependent on how

hard the operator squeezes the bulb, how full the chamber, and age of the

squeeze bulb (one way valve). Ten nebulisers were used - two sets of five. In

testing, the same nebulisers were used for the same histamine dilution on most

occasions. Progressing from first to fifth of each set, they contained saline, then

3.125 mg/ml, 6.25 mg/ml, 25 mg/ml and 50 mg/ml of histamine solution.

The mean (standard deviation) volume delivered per actuation was
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estimated over several trials for each nebuliser. Distilled water was used to fill the

nebuliser, which was weighed after each of ten sets of ten actuations.

Table 12.3 Mean and standard deviation of output of nebulisers per actuation in

millilitres over repeated trials of 10 actuations.

Nebuliser Set One Set Two

1 2 3 4 5 6 7 8 9 10

Mean (×10-4 ml) 32 22 24 26 24 23 36 38 34 31

SD (×10-4 ml) 13 7 8 4 6 6 10 26 24 11

The distribution for each nebuliser’s output across trials was skewed towards lower

values (Figure 12.2). The four most extreme values came from nebulisers 8 and 9,

but removing these values had no effect on the results of the following analyses. A

Box-Cox regression determined the best normalising transformation as being

approximately Vol-2/3. Regression using this transformation of nebuliser output

found that differences between nebulisers were statistically significant. The mean

cumulative dose delivered by Set One would be 6.3 µmol (SD=0.4 µmol) of

histamine, and that of Set Two, 9.8 µmol (SD=0.8 µmol):

E{Cum Dose(Set 1)}=(50 mg/ml × 14 puffs × 2.4 × 10-3 ml + 25 mg/ml × 3 puffs ×

2.6 × 10-3 ml + 6.25 mg/ml × 4 puffs × 2.4 × 10-3 ml)/(3.07 × 10-1 mg/µmol His),

Var{Cum Dose(Set 1)}=((50 mg/ml)2 × 14 puffs × (6 × 10-4 ml)2)+ (25 mg/ml)2 × 3

puffs × (4 × 10-4 ml)2 + (6.25 mg/ml)2 × 4 puffs × (8 × 10-4 ml)2)/(3.07 × 10-1

mg/µmol His)2.

How heavy (full) the nebuliser was at the start of a given set of actuations

also had a small effect on volume delivered. The regression predicted an

approximate increase in dose delivered of 0.0003 ml per 1 ml increase in the

starting volume. The nebulisers were never filled with more than 2 ml. Calibration

unfortunately was not rechecked, and I think it is likely that some of the variation in
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de
Figure 12.2 Stem-leaf plot of distribution of output volume of all nebulisers at
each trial.

Stem Leaf # Boxplot
12 2 1 *
11
11
10 7 1 *
10 3 1 *
9
9
8
8 1 1 0
7 6 1 0
7
6 66 2 0
6 3 1 0
5 56 2 |
5 0234 4 |
4 558 3 |
4 012222 6 |
3 555566678889 12 +-----+
3 00111111223444 14 | + |
2 55555666677788899999 20 *-----*
2 00001111222222233333334444444 29 +-----+
1 566666667777777788888899999 27 |
1 22444 5 |
----+----+----+----+----+----
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technique would have disappeared with more practice. Note that the mean volume

delivered are all in the manufacturers stated range for the nebulisers.

12.4.7 Blood collection and processing : Venous blood samples were

collected from all consenting twins (where possible). Venesection was performed

using the Venoject system (save in individuals with difficult veins), with the

tourniquet being released before blood was drawn up. A 25 ml blood sample was

collected from the twins in two 10 ml EDTA and one 5 ml plain tubes. This was

stored in a refrigerator until processing (a wait that would have averaged 2-3

hours).

12.4.7.1 Blood processing : Blood samples were collected and separated

into sera and plasma, red cells and buffy coats, which were stored for later

processing. Following the procedure used by the genetics unit at QIMR in previous

field work, from the 20 ml of blood in EDTA:

(1) 4 ml of whole blood was aliquotted off.

(2) 16 ml centrifuged for 5-10 minutes at 1500 rpm.

(3) Supernatant plasma aliquotted off.

(4a) Buffy coat removed and centrifuged at 1500 rpm for 5 minutes.

(4b) The supernatant removed and discarded.

(4c) 3 ml of red blood cell lysis buffer added.
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(4d) Resuspended and incubated at 37°C for 10 minutes.

(4e) PBS added.

(4f) Centrifuged at 1500 rpm for 5 minutes.

(4g) repeat 4c-4f until all cells lysed.

(5) 5 ml of packed red cells aliquotted unwashed.

12.4.7.2 Longer term storage : All samples were initially kept at

-20°C, and transferred to Brisbane in dry ice (with the exception of one set of

samples from Sydney sent by refrigerated truck - a never to be repeated

experiment, since samples arrived partly defrosted at QIMR). Whole blood freezes

were transferred to liquid N2 long term storage after 4-6 weeks. Packed red blood

cells were stored at -70°C.

12.5 Biochemical assays used

Total serum Immunoglobulin E level (sIgE) was estimated by an enzyme

immunoassay (IMx Total IgE assay, Abbott Laboratories, USA). Other serum

immunoglobulin levels and α-1-antitrypsin level (α-1-AT) were determined using

standard immunoturbidometric assays performed on two nephelometers (Behring

Nephelometer System, Behring Institute, Marburg, Germany; Beckmann Array

Nephelometer, Beckmann). Serum angiotensin converting enzyme (ACE) was

estimated using an in-house assay. Standard serum enzyme and electrolyte

assays were performed on a Technicon CHEM1 (Tarrytown, USA). All these

assays were performed under contract by the Clinical Chemistry department of the

Prince Charles Hospital in Brisbane.

12.6 Molecular genetic techiques

These have been applied to zygosity determination, and to a sib-pair linkage

analysis of the putative chromosome 11q13 atopy gene. A modified "salting out"

method [Miller et al 1988] was used to extract genomic DNA from the stored buffy

coats. All markers used were PCR based, and allowed multiplexing of two or three

at a time. The primers were: D2S123, D13S128, LPL (C8), D4S402, DRD2
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(C11q), D9S126, D14S43, D5S346, F8VWFL (C22), and two 11q13 putative atopy

markers FcεRI-β-ca and CCl11-319ca. Different PCR schedules were required for

different primers, most notably for the two atopy markers. The resulting blots were

visualised autoradiographically. All this work was performed by Ms Sue Healy.

The probability of monozygosity was calculated using the usual Bayesian

approach [eg Selvin 1977; Erdmann et al 1993]. The prior odds (51:49) of

monozygosity in like-sex twins used was derived from the respective twinning rates

for Australia in the period 1916-1982 [Doherty & Lancaster 1986]. Discordant pairs

(DZ) were discordant for at least two loci, minimising the probability of laboratory

error.

12.7 Data analysis

12.7.1 Data entry : Questionnaires were entered manually onto the

multiuser SCO Unix Foxplus database running on a 386 platform. I along with a

data entry supervisor created data entry screens and supporting dBASE code that

became part of the multiproject data entry front end. These included range

restriction and other error checking for variables as they were entered. While the

earlier questionnaires, Q1 and Q2, were double-punched by two different clerks,

the Q3 and Q4 were entered only once.

The databases were all transferred to SAS datasets, where I performed

further error checking. Inconsistent results were checked against the original

questionnaires (reentering if appropriate), and imputation was performed using

annotations written by the twins next to items. Further error analysis is discussed

in the appropriate chapters.

12.7.2 Statistical analyses/packages : Over the period of this study, the

computing power available has steadily increased. The earliest phenotypic

analyses reported below were performed using SPSS-PC v 2.1 [Norusis 1985] on a

Toshiba T5100, and later a T5200 laptop. Later, these were carried out using SAS

6.07 [SAS Inc 1991] running on a IBM RISC 6000 workstation (25 mips - "Fraser"),

and subsequently a Hewlett Packard Apollo 720 workstation (75 mips - "Straddie").

Log-linear models have also been fitted using GLIM 3.77 [NAG 1985],
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(running on the Toshiba laptop) and SAS PROC CATMOD. Latent variable log-

linear models required the use of LCAG 1.2 [Hagenaars 1990]. Missing (-at-

random) data models were fitted using LOGLIN, a Fortran program I have written

(see Appendix 4), implementing the algorithms described by Espeland and Hui

[1985, 1987] and Haber [1982]. Fitting models to the phi coefficients for binary

traits was performed using specially written Fortran programs calling the numerical

minimisation subroutine NAG E04JAF (see Appendix 5).

Path analyses were performed using the structural equation modelling

packages LISREL [Jöreskog & Sörbom 1989] and MX [Neale 1991] running on the

T5200 and "Fraser", and FISHER [Lange & Boehnke 1989] running on "Straddie"

and "Fraser". All these programs have various strengths and weaknesses.

LISREL has been revised on several occasions over the time of this study,

and has moved from version 7.12 to 8.1. It requires the use of a preprocessing

program such as PRELIS, that produces summary descriptive statistics, and

covariance and correlation matrices for the data variables and the estimators

themselves (required for weighted least squares analyses). Threshold models

must be fitted using the WLS approach. The earlier versions of PRELIS I have

used (versions 1.12 and 1.20) in fact incorrectly estimated the covariance matrix for

the polychoric correlations, with the result that all original multivariate analyses of

this data had to be repeated.

MX is more flexible in the models it allows to be fitted, especially in the

multi-group situation (most genetic models). It also requires the use of a

preprocessor such as PRELIS. In bivariate threshold problems which can be

represented as (multiple group) R×C contingency tables, it allows direct ML fitting

of bivariate normal threshold models. It, like FISHER, can fit path models to

irregular pedigrees.

FISHER is a Fortran program (actually a set of subroutines) for ML fitting of

path models to continuous traits in (regular and) irregular pedigrees. While LISREL

fits models to summary estimators for the entire sample, FISHER (and MX) sum

likelihoods under the given model over individuals and pedigrees. An advantage of

this approach is that ascertainment correction is straightforward. FISHER requires

the user to write specific subroutines defining the particular genetic model being

tested.
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SAGE is a suite of programs for genetic analysis. It includes programs for

logistic regressive complex segregation analysis, sib-pair linkage analysis and

calculation of intraclass and interclass correlations. The programs are all written in

Fortran 77.

Finally, I have implemented a number of categorical data analyses in

custom-written programs. Specifically, Mantel-Haenszel odds ratios and standard

errors were derived using the formulas described by Rothman [1986]; the standard

error of the common odds ratio MLE in 2×2×K table and Cohen’s kappa derived via

the jackknife [Duffy 1992]; tetrachoric correlations and standard errors using the

algorithms of Kirk [1973] and Brown & Benedetti [1977]; exact confidence intervals

(Pearson-Clopper) for proportions and matched odds ratios for matched case-

control data via evaluation of the incomplete beta function; exact confidence

intervals (Fisher) for the 2×2 table using AS115 [Baptista & Pike 1985], and

Cornfield intervals using the Gibbs rather than Pearson χ2 [Ipsen 1980]; while tests

of symmetry in R×R tables (of interest for twin data) followed Haberman [1979]. P-

values are usually quoted to two decimal places - a P-value of 0.00 denotes

P<0.005. The odds ratios and other summary measures in Chapters 5-7 have

often been calculated in this way.

12.7.3 Ascertainment corrections : The sampling used in this part of the

study is quite complex. The simplest correction that has been made is to condition

on the value of the variable of interest in the proband. This has been done via

regression approaches such as Fulker-DeFries regression, or by conditioning on

the proband likelihood in maximum likelihood model fitting using FISHER. The third

approach is to use the screening data to correct for the exact sampling using data

on measured covariates such as age, sex, zygosity and disease severity that might

affect inclusion in this part of the study.

12.7.4 Modelling of bronchial responsiveness

12.7.4.1 Dose-response models : The response to histamine was

expressed as the simplified dose-response slope (DRS) - final percentage drop in

FEV1 versus (untransformed) cumulative dose of histamine given, and bronchial
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hyperresponsiveness was defined as 20% fall in FEV1 during the course of the

protocol (PD20<7.8 µmol HIS; DRS>2.56 percentage point fall in FEV1 per µmol

HIS).

12.7.4.2 Choice of transformations for data : Dose-response slope is not

Gaussian in distribution in the population. A variety of transformations to

approximate normality have been suggested including the log and inverse cube

root transformations. I performed Box-Cox regressions using the macros provided

with GLIM 3.77 to determine the most appropriate transformation. Since this

approach assumes the sample to be random rather than ascertained, the usual

recommendation is to delete probands - eg Lange [1988]. I felt this would discard

too much of this particular sample (given the frequency of wheeze), and have used

all twins tested.
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13 1980 QUESTIONNAIRE DERIVED DATA ANALYSIS

13.1 The Australian NH&MRC Twin Registry

The Australian Twin Registry is a volunteer twin registry which has been in

existence since 1981. It was formed by the amalgamation of a number of

institution-based registries - mainly those of Dr John Mathews based at the

University of Melbourne, and of Drs Nicholas Martin and John Gibson at the

Australian National University. The Australian National Health and Medical

Research Council has provided funding for maintenance of the Registry since 1981.

The registrants are recruited through schools, community groups such as the

Australian Multiple Birth Association, and by media advertising. In June 1992,

there were 21041 pairs registered [ATR Review Document 1992]. The age

distribution of the twins differs from the Australian population in that recruitment has

been more successful with children and young adults. The proportion of twins

resident in each state reflects the population distribution, with the exception that

Victorian twins outnumber those from New South Wales 1.6 to 1 (a 1.3:1 ratio of

NSW to Victoria would be expected). The education and income structure also

differs from the general population in that the adult twins (at least those responding

to such surveys) tend to be better educated and earning more than the average.

13.2 1980 "Canberra" Questionnaire

In the period from November 1980 to March 1982 a questionnaire was

mailed to the 5967 pairs of twins over the age of eighteen years registered with the

Australian Council Twin Registry by Drs Nicholas Martin and John Mathews. Of

this group, 3808 twin pairs returned completed questionnaires (a pairwise response

rate of 64% - Table 13.1) after a single mailing of the questionnaire. Because of

funding, only limited followup of nonresponders was undertaken (a single reminder

letter to uncooperative cotwins of respondents). The MZ casewise concordance for

response was 0.92, and the DZ concordance, 0.83, suggesting that nonresponse is

not completely-at-random. Under the null hypothesis one would expect a

concordance of 0.69 the individual-wise response rate of 0.69.
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Table 13.1 Concordance for return of the Canberra questionnaire.

Response of Pair + + + - - -

Number of Pairs 3808 576 1583

There are also individual-wise zygosity differences. Monozygotic twins made

up 41.0% of the eligible twins mailed to, but 47.3% of the respondents.

Conversely, opposite-sex DZ twins made up 26.8% of those surveyed, but only

23.9% of respondents. Overall, females made up 60.9% of those registered with

the ATR, and 63.9% of respondents.

The questionnaire was lengthy and included items on age, sex, zygosity,

birth order, tobacco use, psychological traits, and a number of physical and

psychiatric symptoms. Zygosity of twins was diagnosed by response to two items,

supplemented in ambiguous cases by examination of photographs sent in by the

twins. This method has been shown to be at least 95% accurate in several other

studies [Cederlof et al 1961; Martin & Martin 1975; Kasriel & Eaves 1976]. For an

initial factor analysis of intraindividual phenotypic associations, I have ignored the

genetic relatedness of the twins, except as a convenient method to split the sample

to examine the reliability of the factors generated.

The age, sex and zygosity breakdown of respondents to the Canberra

questionnaire was similar to that seen in other volunteer twin registries as

described earlier - the exact numbers are presented in Table 13.2 and Figure 13.1.

It should be noted that these totals differ from those appearing in other publications

- I have rectified a number of incorrect zygosity diagnoses.

The physical symptom checklist was prefaced: "How OFTEN have you had

any of the following?" and included 22 diagnoses and symptoms such as "Hay

fever", "Asthma or wheezing", "Stiff joints" (see Table 13.4). Responses fell into

four categories: "Never", "Only as a child", "Rarely", "Quite often". For the

purposes of the present analysis, these last three responses have been combined

into "Ever" versus "Never". As a number of subjects had left occasional items from

the checklist blank, the overall response to the twenty-two item physical symptom

checklist was examined. This revealed that only 33/7616 individuals had left the

table entirely uncompleted and that many respondents had only filled out the
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positive items that referred to them and left the remainder blank (see Table 13.3).

For these analyses therefore, blank responses are scored as "Never". As a check,

prevalences and correlations including the blanks as "Never" and then as missing

values were calculated. Only small differences were found, though because of the

large sample size they are statistically significant.

Tobacco use is included in these analyses as a dichotomous variable - ever

smoked versus never smoked. Frequency of alcohol consumption is entered as a

seven point scale: (1) every day; (2) 3-4 times per week; (3) twice a week; (4) once

a week;(5) once or twice a month; (6) less frequently; and (7) never.

In addition to physical symptoms, I have also examined scores from the

seven item depression and anxiety subscales of the Delusions-Symptoms-States

Inventory, and the Neuroticism scale of the Eysenck Personality Questionnaire.

Surprisingly, the personality measures were not significantly associated with

reporting of any of the physical symptoms, and have not been included in the

further analyses.
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Table 13.2 Zygosity and sex breakdown of the 3808 complete pairs responding to

the Canberra questionnaire.

Zygosity group Number of

pairs

MZ female pairs 1232

MZ male pairs 568

DZ same-sex female pairs 747

DZ same-sex male pairs 349

DZ opposite-sex pairs 912

Figure 13.1 Age structure of twin pairs returning the Canberra questionnaire.
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Table 13.3 Pattern of number of uncompleted symptom checklist items versus

whether any condition was reported to be present and whether any condition was

reported absent.

No. Items

Missing

Conditions reported;

No conditions

denied*

No conditions

reported;

A condition(s)

denied

Conditions

reported

and denied

Nil (70.2%)† 4 (0.1%) 23 (0.4%) 5319 (99.5%)

1-2 (14.5%) 3 (0.3%) 2 (0.2%) 1102 (99.5%)

3-5 (1.7%) 1 (0.8%) 0 126 (99.2%)

5-10 (0.9%) 11 (16.2%) 0 57 (83.8%)

11-15 (2.4%) 145 (78.8%) 0 39 (21.2%)

16-21 (9.9%) 735 (97.9%) 4 (0.5%) 12 (1.6%)

All (0.4%) 33 Individuals left all items blank

* This pattern is most consistent with the hypothesis that a blank has been treated

by the respondent as missing. Percentages are proportion of number of twins who

missed that number of items.

† Percentage of total number of twins completing questionnaire.

13.3 Prevalences

The lifetime prevalences for the physical symptoms and diseases are listed

in Table 13.4. A number of these items exhibit a roughly constant lifetime

prevalence across the different age strata under 65 years of age. The drop-off in

reporting in the over 65 age group of a number of conditions might represent

mortality due to specific conditions, poor recall or secular trend. Specifically for

asthma/wheezing, followup of the Health Examination Survey in
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Table 13.4 Lifetime prevalences (%) reported within age cohorts for females and
males.

Symptom or diagnosis <25 y 26-35 36-45 46-55 56-65 >65 y
Migraine/"sick" headache F 40.9 46.8 53.6 54.3 48.4 39.9

M 31.8 31.6 36.5 38.0 30.1 25.7
Other headaches F 84.4 85.8 81.6 74.9 70.5 59.6

M 76.4 78.5 77.1 70.2 61.5 49.6
Sore throats F 90.4 89.4 80.8 75.7 73.9 70.5

M 86.4 88.8 84.5 74.0 72.7 69.9
Cold sores (eg. on lip) F 37.5 44.2 48.3 50.2 51.8 45.6

M 39.4 46.6 49.9 52.7 51.7 50.4
Influenza F 53.9 65.1 65.9 64.8 66.3 69.4

M 52.5 64.8 71.1 67.8 76.2 62.8
Glandular fever F 10.8 10.8 9.3 5.2 5.4 1.6

M 11.8 12.3 10.4 5.4 4.2 3.5
Hay fever F 30.9 36.0 38.8 35.0 23.8 24.9

M 29.1 31.6 31.3 29.1 29.4 17.7
Sinus trouble F 29.6 43.1 48.9 43.3 34.0 25.9

M 29.8 36.1 40.1 38.0 32.2 23.0
Bronchitis (chest cold) F 39.1 44.9 46.4 39.0 40.5 43.5

M 39.6 44.9 49.6 41.5 50.3 47.8
Asthma or wheezing F 12.5 12.6 17.8 11.8 9.1 9.3

M 13.5 16.0 13.6 12.4 11.9 6.2
Pneumonia F 8.0 11.1 13.9 15.0 15.6 18.7

M 6.8 10.7 17.4 16.7 21.0 17.7

Warts on skin F 58.3 57.9 50.3 52.6 44.8 32.6
M 60.3 59.8 59.1 55.0 52.4 44.2

Boils or bad pimples F 49.2 53.0 50.8 47.0 40.8 32.6
M 54.7 58.7 64.9 57.4 62.2 58.4

Psoriasis F 1.8 3.2 3.7 2.8 2.3 5.7
M 1.0 2.5 2.2 1.6 6.3 2.7

Eczema F 11.2 11.9 12.3 5.4 4.5 5.2
M 6.1 7.6 9.0 11.6 7.7 5.3

Other skin trouble F 18.7 21.7 20.4 16.7 16.4 9.8
M 16.8 21.8 23.2 19.0 25.2 17.7

Dust allergy F 17.7 20.1 24.9 23.6 15.0 12.4
M 19.5 20.4 23.4 19.8 13.3 8.8

Food allergy F 8.8 9.4 14.3 14.2 9.1 10.9
M 5.8 7.1 5.4 5.8 7.7 3.5

Other allergies F 18.0 19.3 22.2 22.5 15.0 8.3
M 13.6 13.4 11.4 12.8 11.9 8.0

Arthritis F 14.8 18.3 30.8 40.4 43.6 40.9
M 17.1 21.7 25.9 38.8 32.9 42.5

Stiff joints in morning F 7.0 14.0 28.6 42.9 56.7 59.6
M 5.4 10.9 17.7 35.3 37.8 54.0

Kidney/bladder infection F 18.0 39.4 43.9 42.9 38.0 33.2

M 4.7 9.7 9.8 13.2 13.3 16.8

Ever smoked F 43.2 43.5 42.3 33.3 33.0 25.9

M 44.4 51.8 61.2 59.9 69.0 61.9

Drink alcohol daily F 1.5 5.8 14.5 15.6 19.9 11.9

M 4.9 12.0 20.2 22.2 28.9 23.0

TOTALS (N=4869) F 1522 1484 783 534 353 193

TOTALS (N=2742) M 1032 829 367 258 143 113
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the USA [McWhorter et al 1989], noted significant underreporting of asthma in older
subjects, using hospital records as the standard. The other finding of interest from
this study was that the age specific point prevalence remained fairly constant over
the age range studied. As noted earlier, the 2:1 predominance of females over
males is a common feature of volunteer twin studies [Lykken 1978].

13.4 Principal components analysis

I performed ordinary least squares principal components analyses using
tetrachoric correlations (see Table 13.5). The varimax-rotated factor loadings for
females and males are presented in Table 13.6. These were fairly consistent
across the sexes, with the most important factor representing atopy or allergy
related illnesses such as asthma. Reported bronchitis was associated with this
factor but pneumonia only weakly so.

The second factor (in order of eigenvalue size) seemed to represent
vulnerability to infection, particularly viral illness. Though orthogonal (uncorrelated)
to the "atopy" component, it was also associated with reported bronchitis. The third
factor was associated with increasing age, arthritis, and pneumonia, and thus was
labelled "diseases of aging". It is interesting to note that the signs and magnitudes
of the loadings on this component reflected the trends in age specific cumulative
prevalences of the particular items. In females, the fourth factor extracted
embodied a separate susceptibility to respiratory tract infection. The fifth factor
represented a variety of skin diseases, and the sixth factor, the association
between tobacco and alcohol consumption. It was weakly associated with reporting
ever suffering bronchitis.

Looking at the responses from the male subjects, one finds the same first
six factors, with a slightly changed order. Specific points to note are that cigarette
smoking was associated with the diseases of aging, while age crossloaded onto the
specific respiratory tract infection factor. Examination of the congruency
coefficients derived from the split sample analyses confirm these conclusions about
the first six main groups of physical symptoms within
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the 22 examined.
The principal components derived in this analysis seemed to be consistent

across different groups, and are easily interpreted in terms of various clinical
entities. The first component represents allergic disease. Its pattern of loadings
suggest that reported allergy to dust and hayfever were the most specific single
items associated with atopy in this Australian group - compared to asthma for
example. Self reported eczema (not operationally defined in the questionnaire)
was only weakly correlated with this component, suggesting that a broad
interpretation of this term was made by the respondents. Bronchitis was correlated
with the other items on this component, but presumably mainly via asthma as an
intervening variable. This conclusion is supported by the fact that asthma and
bronchitis loaded together onto a later component that seemed to represent lower
respiratory tract disease.

The second major component is interpretable as a vulnerability to a number
of minor infections. The loadings on this component imply that individuals reporting
ever suffering a sore throat (over 80% of the group) were more likely to report
headache, bronchitis, warts and so on. This may represent a group of younger
subjects that better recalled such common conditions. It does not represent a
hypochondriacal personality trait since, as earlier mentioned, the reporting of any
symptoms was not significantly associated with any of the personality measures
examined (loading on this component for anxiety score, -0.02; for depression score,
-0.03; and for EPQ Neuroticism, 0.06), or with sex. Ever smoking was not strongly
correlated with reporting of any these conditions (with the exception of bronchitis).
A biological hypothesis for this component might be that individuals at the lower
end of the population distribution of immunological variables such as secretory IgA
or IgG subclass levels will suffer from an excess of all the conditions seen
associated with this component. Alternatively, it might be a function of
socioeconomic status or nutrition.

The third component represents a number of conditions that one normally
associates with increasing age, principally arthritis. In the males, the loading for
age itself on this component was smaller than for the females, because of the
crossloading onto the respiratory disease factor.

The later components vary in (eigenvalue) size across the sexes. Smoking
and alcohol use are usually strongly associated in individuals, and appeared as a
single factor, which as noted earlier, was not strongly correlated with the presence
of particular symptoms in females (with the exception of bronchitis), though it may
of course have had some effect on frequency or severity, not measured in this
analysis. In males, who smoked more heavily, and increasingly so with age, there
was the previously mentioned crossloading of age and smoking. This explains the
smaller congruency coefficient for this factor in males in that in one half-sample a
"respiratory" factor was not extracted, these diseases appearing on the third factor
"aging". All respiratory diseases tended to be interrelated. The factor representing
skin diseases reflects a tendency for individuals to report more than one such
problem. This may be due, as suggested above for eczema and allergy, to a lack
of specificity in these items.

The usual (quasi-empirical) criteria for determining statistical significance in
PCA are not as helpful in the case of tetrachoric correlations. Small tetrachoric
correlations equivalent to small odds ratios may nevertheless be of epidemiological
importance if the traits are common enough in the population. However, the
patterns of loadings are useful in formulating hypotheses that can be examined in
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more detail using other modelling techniques. An extension usually made in the
psychometric literature is to estimate the individual’s factor score, measuring the
underlying latent variable, such as "atopy" or "immune competency", and utilising
the score in later analyses.

In conclusion, there were a number of broad structures in the relationships
between these common symptoms which seem to mostly correspond to medically
recognised entities such as atopy. These will now be examined by genetic path
modelling.
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14 1980 QUESTIONNAIRE DATA: GENETIC PATH ANALYSES

A preliminary to genetic analysis of volunteer twin data is to examine
prevalences of the conditions in the twins whose cotwin did not take part in the
study ("singles"). These suggest that prevalences of reported wheeze did not
seem to differ, but the singles were more likely not to have completed the item on
asthma (Table 14.1).

Table 14.1 Crude rates of asthma/wheeze in twins where the cotwin did or did not
return the questionnaire. Only the rates in the last category differ significantly
between the two groups.

Twin Type Frequently Infreq* Never No answer

Singles 25 (4.3%) 53 (9.2%) 393 (68.2%) 105 (18.2%)

Complete pairs 270 (3.3%) 738 (9.7%) 5669 (74.4%) 939 (12.3%)

* Combining "only as a child" and "rarely".

14.1 Univariate analyses of allergy related conditions

I will first give a detailed example of hypothesis testing using nested
likelihood ratios as applied to odds ratios for asthma, the MFT, and then to phi
coefficients.

14.1.1 Asthma by odds ratios : The only genetic hypotheses these models
can test for are that MZ concordances are significantly different from DZ
concordances. They are more flexible for the specification and testing of
interactions, and so are presented first as they best examine cohort and sex effects
(Tables 14.2-14.5). I have fitted log-linear models to the same sex twins for "ever"
asthma/wheeze, dividing the sample by decade of birth into six age groups. These
are not intraclass models, in that separate parameters for the first and second-born
twins have been estimated. The best fitting model
found no evidence for genetic heterogeneity arising in different age or sex groups.
There were significant zygosity (but not sex) effects on prevalence, which on
examination of the marginal tables seemed to arise mainly from the DZ male pairs,
where prevalence was higher than in the other groups.

Finally, I have compared MZ and DZ odds ratios arising in this study with
those from the Virginia "30000" and Edfors-Lub [1971]. On testing using GLIM, the
DZ estimates from the three studies can be pooled (test for three way interaction
χ2

4=3.42, P=0.72), giving a ORML=2.4 (1.9-3.1), identical to the ORMH. The ATR MZ
female concordances differ significantly not only from the MZ male concordances,
but also from the other two studies (including all 5 sex/locality groups: interaction
χ2

4=11.4, P=0.02; excluding the Australian MZ females interaction χ2
3=0.71,

P=0.85). The pooled MZ ORML=12.8 (10.1-16.3), and the ORMH=14.3 (11.1-18.0).
If one takes Australian figures only for frequent wheezing (overall prevalence 3%)
in order to make the traits examined more comparable, this difference disappears,
but instead the DZ group becomes significantly heterogenous, and the numbers
affected small.
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Table 14.2 1980 lifetime prevalence of wheezing (per thousand) in all 7616 twins
(actual numbers of cases in brackets) versus year of birth and sex.

Birth Cohort 1895-1919 1920-29 1930-39 1940-49 1950-59 1960-64

MALES N 162 212 253 548 988 583

1980 Prev ‰ 93 (15) 76 (16) 154 (39) 153 (84) 147 (145) 134 (78)

FEMALES N 300 478 579 1038 1636 839

1980 Prev ‰ 83 (25) 115 (55) 129 (75) 152 (158) 126 (206) 133 (112)

Table 14.3 Self-reported presence (+) and absence (-) of asthma/wheezing and
hayfever in 3808 pairs of adult twins.

Zygosity
Group

Number
pairs

Asthma: no. pairs and percentage
affected

Hayfever: no. pairs and
percentage affected

++ +- -+ -- ++ +- -+ --

MZ Female 1232 N 67 87 98 980 257 163 174 638

% 5.4 7.1 7.9 79.5 20.9 13.2 14.1 51.8

MZ Males 567 N 39 33 31 464 99 71 63 334

% 6.9 5.8 5.5 81.8 17.5 12.5 11.1 58.9

DZ Female 751 N 19 67 69 596 106 138 123 384

% 2.5 8.9 9.2 79.4 14.1 18.4 16.4 51.1

DZ Males 352 N 12 43 39 258 34 68 68 182

% 3.4 12.2 11.1 73.3 9.7 19.3 19.3 51.7

DZ F/M 906 N 32 105 98 671 125 181 153 447

% 3.5 11.6 10.8 74.1 13.8 20.0 16.9 49.3
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Table 14.4 Results of interactive hierarchical log-linear model fitting to reported
"ever" asthma/wheeze in same-sex twins.

Model χ2 d.f. P AIC

Saturated model 0 0 1.00 0

No fourth and fifth order interaction terms 34.8 26 0.12 -17.0

No zygosity by birth cohort by prevalence
interaction effects

39.6 36 0.31 -32.4

No zygosity by sex by prevalence effects 44.2 38 0.22 -31.7

No zygosity by sex by birth cohort effects 49.1 43 0.24 -36.9

No birth cohort by sex by prevalence
effects

56.1 53 0.36 -49.9

No birth cohort by concordance effect 59.6 58 0.42 -56.4

No sex by concordance effect 60.7 59 0.41 -57.3
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Table 14.5 Parameter estimates for terms involving asthma in the finally selected
log-linear model for asthma/wheeze. Base group was 1st birth cohort (born before
1920) DZ females.

Term Odds
Ratio

95% Confidence
Interval

Asthma Twin One v. Twin Two (DZ group) 2.2 1.4-3.5

Asthma Twin One v. Zygosity (MZ) 0.7 0.5-0.9

Asthma Twin Two v. Zygosity (MZ) 0.7 0.5-0.9

Asthma Twin One v. Sex (M) 1.1 0.9-1.4

Asthma Twin Two v. Sex (M) 1.0 0.8-1.3

Asthma Twin One for 2nd birth cohort 1.8 0.8-3.8

Asthma Twin One for 3rd birth cohort 2.5 1.2-5.1

Asthma Twin One for 4rd birth cohort 3.1 1.5-6.1

Asthma Twin One for 5rd birth cohort 2.3 1.2-4.5

Asthma Twin One for 6rd birth cohort 2.8 1.4-5.6

Asthma Twin Two for 2nd birth cohort 1.1 0.6-2.1

Asthma Twin Two for 3rd birth cohort 1.2 0.7-2.3

Asthma Twin Two for 4rd birth cohort 1.2 0.6-2.1

Asthma Twin Two for 5rd birth cohort 1.3 0.7-2.2

Asthma Twin Two for 6rd birth cohort 1.0 0.5-1.8

Asthma Twin One v. Twin Two v. Zygosity (MZ) 4.3 2.5-7.5

14.1.2 Asthma by the MFT: Path analytic models comprising a unique
environmental component, an additive genetic component, and either a nonadditive
genetic component or a shared environmental component were fitted to the
correlation of asthma between the first and second twins in each of the five
zygosity groups (see Table 14.6).

As a check on the homogeneity of causes of variation over age cohorts, I
fitted the gene-environment models separately to each age cohort, and then jointly
to all 15 groups (5 sex/zygosity groups in each of 3 cohorts - see Appendix 8).
With minor exceptions, the fit of preferred models was homogeneous across
cohorts. One advantage of this procedure is that it minimises any influence of age
on estimates of shared environment or nonadditive genetic components. The
estimates obtained of these parameters from the simultaneous fit to all 15 groups
were almost identical to those obtained by fitting to only 5 zygosity groups
combining all ages. Thus, I only present the results from the pooled analysis (see
Table 14.7).

Initially I fitted the alternative full models to each sex, then to the same-sex
pairs, and finally to all five zygosity groups. Turning first to the female twins, when

260



one examines Model 3f where all resemblance between twins is due to shared
environment, this predicts phenotypic correlations significantly different from the
observed correlations on χ2 testing. Therefore this hypothesis was rejected. The
Model 2f, where similarities are due solely to additive genetic effects, lead to a fit
that was not significantly worse than the full model.

In males, the nonadditive genetic component made a large contribution to
the variance (Model 1m), and the purely additive model (2m) was almost rejected.
The non-genetic model (3m) was definitely rejected.

On extending the analysis to four groups - MZ males, MZ females, DZ males
and DZ females, four correlations were used to estimate two parameters (h and d,
the additive and dominance genetic path coefficients) for the "full" model. This
gave a χ2

2 of 6.1 (P=0.047), implying that using a model where the contributions of
genetic components were constrained to be the same in each sex lead to a poor fit
to the observed correlations. Therefore the next step was to examine sex-limitation
models, where genetic and environmental influences are allowed to be of different
sizes in each sex.

The full sex limitation model estimating hf and hm, df and dm gave a good fit
(Model 1x). When the nonadditive parameter was removed for the
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Table 14.6 Tetrachoric correlations between self-reported hayfever and
asthma/wheeze. Female results in lower triangle; Male results in upper triangles.
The asymptotic standard errors for these correlations range from 0.04-0.10 for the
MZ twins and 0.05-0.15 for the DZ twins.

MZ TWINS TWIN 1 TWIN 2

Hayfever Asthma Hayfever Asthma

TWIN 1 Hayfever ---- 0.51 0.64 0.38

Asthma 0.55 ---- 0.35 0.76 MALES

TWIN 2 Hayfever 0.59 0.43 ---- 0.44 (567 pairs)

Asthma 0.35 0.59 0.56 ----

FEMALES (1232 pairs)

DZ SAME-SEX PAIRS TWIN 1 TWIN 2

Hayfever Asthma Hayfever Asthma

TWIN 1 Hayfever ---- 0.56 0.11 0.04

Asthma 0.47 ---- 0.20 0.19 MALES

TWIN 2 Hayfever 0.31 0.13 ---- 0.61 (352 pairs)

Asthma 0.17 0.26 0.45 ----

FEMALES (751 pairs)

DZ OPPOSITE-SEX PAIRS TWIN 1 TWIN 2

Hayfever Asthma Hayfever Asthma

TWIN 1 Hayfever ----

Asthma 0.51 ----

TWIN 2 Hayfever 0.26 0.22 ----

Asthma 0.04 0.23 0.51 ----

(906 pairs)
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females (Model 3x), this lead only to a small drop in goodness of fit (χ2 (df=2-1)=
0.61-0.18= 0.43, NS). Removal of the nonadditive genetic component for males
however (Model 2x), lead to a significant deterioration in fit. An alternative model
(Model 4x), that supposes different genes acting in each sex, also gave a good fit,
but is biologically less explicit than Model 2x.

Summarising the above, the most parsimonious model (2x) suggested
different patterns of inheritance in males and females - males showing evidence for
a nonadditive genetic component in comparison to the females where only an
additive genetic component was evident. Shared environment alone was unable to
explain the observed correlations, and must be small compared to nonadditive
genetic effects. This lead to estimates of heritability for asthma or wheezing of
approximately 60% in women and 75% in men.

14.1.3 Smoking : As has been published elsewhere [Hannah et al 1985],
there was aggregation of "ever" smoking within twin pairs responding to this
questionnaire suggestive of a genetic component to nicotine dependence. Males,
and particularly male members of fraternal (DZ) twin pairs, tended to smoke more
than females (see Table 14.8). Total pack-years of cigarettes smoked was
unassociated with the presence of asthma/wheezing overall (see Table 14.9).
"Ever" smoking was weakly associated with asthma/wheeze (OR=1.2; 95%CI=
1.04-1.36). Both these measures were, as would be expected, more strongly
associated with reported "bronchitis or chest colds", and with "pneumonia" in both
sexes and across all age groups.

In individuals under the age of 25 years, smoking more than 30 cigarettes
per day at any time in the past was associated with a crude two fold increase in
reporting asthma/wheeze (see Table 14.10). Logistic regression models were fitted
to the data using GLIM 3.77. This suggested that a lifetime maximum cigarette
consumption of 30 cigarettes per day was associated with an overall increased risk
of asthma - OR=1.45 (95%CI=1.2-1.7). This estimate compares favourably to the
biserial correlation between cigarette consumption and asthma/wheezing as
estimated by PRELIS of 0.09 (0.05-0.13) which is roughly equivalent to this value
(via the cos-pi approximation).

The small effect of smoking on wheeze (as opposed to cough/phlegm)
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Table 14.8 Mean pack-yrs cigarettes smoked by sex,asthma status, and zygosity
group. Males, and especially DZ males smoke more than females. However, the
differences between asthmatics and nonasthmatics are non-significant.

Zygosity Females Males

Asthma + Asthma - Asthma + Asthma -

MZ 4.8 (317) 4.0 (2137) 6.8 (142) 6.4 (991)

DZ 4.0 (311) 4.2 (2068) 8.5 (235) 8.3 (1367)

Table 14.9 ANOVA (pack-yrs cigarette use (age corrected) by zygosity, sex,
asthma). This confirms no effect for total quantity smoked on asthma/wheezing.

Source of Variation Sum of
Squares

df Mean
Square

F p

Covariates

AGE 95 306 1 95 306 772.7 0.00

Main Effects

ZYGOSITY 2 136 1 2 136 17.3 0.00

SEX 24 110 1 24 110 195.5 0.00

ASTHMA 268 1 268 2.2 0.14

Two Way Interaction

ZYGOSITY by SEX 1643 1 1643 13.3 0.00

ZYGOSITY by ASTHMA 91 1 91 0.7 0.39

SEX by ASTHMA 15 1 15 0.1 0.72

Three Way Interaction 0.01 1 0.01 0.0 0.99
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Table 14.10 Prevalence of asthma/wheezing tabulated by age,sex and maximum
cigarettes ever smoked. The relationship between highest level of smoking and
asthma/wheeze is similar in males and females. Very similar trends in smokers are
found with current cigarette intake per day. The overall conclusion is that high
daily intake is significantly associated with reported wheezing, and the effect is of
clinical relevance, but that only a small proportion of individuals smoke large
amounts and so within this population this effect is small compared to the genetic
effects.

Females

Age (years)

Smoking 18-25 26-35 36-45 46-55 56-65 65+

0-9 cig/d 12% 12% 17% 12% 8% 10%

10-19 cig/d 12% 12% 23% 11% 6% 1/13

20-29 cig/d 14% 14% 17% 12% 13% 0/11

30+ cig/d 19% 18% 19% 4% 23% 0/4

Males

Age (years)

18-25 26-35 36-45 46-55 56-65 65+

0-9 cig/d 12% 14% 12% 10% 15% 3%

10-19 cig/d 13% 14% 8% 18% 0/12 1/10

20-29 cig/d 17% 21% 16% 13% 1/28 2/20

30+ cig/d 27% 17% 18% 18% 17% 2/15

found in this group is consistent with reports from other large studies [McWhorter et
al 1989; Lebowitz 1977; Higgins & Keller 1975]. Pack-years of cigarettes smoked
was not as strongly associated with symptoms as was daily consumption. This
suggests that smoking (in the younger subjects at least) is unmasking a (genetic)
susceptibility to wheeze, rather than causing cumulative partially irreversible
changes in the airways (again cf cough/phlegm or airflow limitation).

Daily cigarette consumption and maximum daily consumption in the under 35
age group were then examined by path modelling. Correlations between MZ and
DZ twins for these variables were similar, and a shared environment model fitted
this data. When a model including a causative pathway from smoking to
asthma/wheeze as well as from genetic factors was fitted to the males of this age
group, this made little difference to the estimates for the additive and nonadditive
path coefficients (though because of the smaller sample size, the nonadditive, but
not the additive, genetic component could be dispensed with). In females in this
age group the biserial correlation between cigarette use and asthma was smaller
than in the males, and again no effect on the estimates for the genetic parameters
could be found.

Different analyses including all 7616 subjects were then performed, first
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using the observed correlations between smoking and asthma/wheeze in each
zygosity group, and then fixing the path from smoking to asthma to a value of 0.1
(that found when all subjects were pooled). In either case, genetic dominance for
male asthma gave a better fit than the "straight" additive model; this was not
required for the females, in accordance with the analyses ignoring this weak
covariate (compare Tables 14.11 and 14.7). This result is not surprising, because
in the univariate analyses, level of smoking would appear as shared environment.
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Table 14.11 Sex-limited bivariate path model including asthma and smoking.
Unidirectional path from smoking to asthma set at 0.1. Correlation of smoking
between twins (maximum cigarettes per day) modelled as due to shared
environment alone (set at rMZ=rDZ=0.5), while asthma correlation due to additive and
nonadditive genetic component. Comparing Model [1] v. Model [2] χ2

1=0.03; Model
[2] v. Model [3] χ2

1=4.6 (P=0.03). Similar results are obtained where smoking is
modelled as "ACE", and when allowed to vary between sexes.

Asthma
Model
M, F

Path Coefficients (M,F)

Asthma/Wheeze Smoking χ2

(df)
A D E C E

[1] ade, ade 0.39,0.62 0.77,0.38 0.50,0.64 0.71,0.71 0.71,0.71 37.1
(26)

[2] ade, ae 0.52,0.76 0.69,---- 0.50,0.64 37.4
(27)

[3] ae, ae 0.85,0.75 ----,---- 0.52 0.65 42.0
(28)

14.1.4 Equivalent models using phi coefficients : Before proceeding to
multivariate analyses under the MFT, I will compare the results of the univariate
genetic analyses using tetrachoric correlations and those using phi coefficients. I have
tabulated different measures for the five groups below (Table 14.12).
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Table 14.12 Correlations for ever wheezed in the 1980 Health and Lifestyle Survey.

Zygosity Odds
Ratio

Relative
Risk

Phi Tetrachoric
r

MZ Females 7.7 4.8 0.33 0.59

DZ Females 2.4 2.1 0.12 0.26

MZ Males 17.7 8.6 0.48 0.76

DZ Males 1.8 1.7 0.09 0.19

DZ Male-Female 2.1 1.8 0.11 0.23

Fitting models hierarchically as before gives evidence for dominance in males, but not
in females (Table 14.13). The likelihood ratio for rejecting a pure shared
environmental correlation would be expected to be very similar using tetrachoric
correlations or phi coefficients, and this seems to be the case. For female same-sex
pairs, for the LISREL model the χ2

1=11.1, and the phi model χ2
1=11.2. Similarly, for

male same-sex pairs the LISREL χ2
1=20.0, versus χ2

1=24.2, and for the four group
model the LISREL χ2

3=37.0, versus χ2
3=36.0. Therefore, the weighted least squares

approach used in LISREL agrees well with the full maximum likelihood approach in
this univariate case. I have previously found this to be true also for comparing results
of factor analysis for a single factor in the multivariate case using tetrachoric
correlations, where the full ML solution is practical.
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Table 14.13 Results of model fitting using phi coefficients to ever asthma/wheeze.

Model ORMZ ORDZ -LLik df

FEMALES

No aggregation 1.0 1.0 1488.9 5

Shared environment 5.3 5.3 1438.9 4

Additive Genes 7.3 3.1 1433.7 4

Additive plus dominant genes 7.7 2.5 1433.3 3

Free phis, prevalence estimated 7.7 2.4 1433.3 3

Saturated 7.7 2.4 1432.3 0

MALES

No aggregation 1.0 1.0 727.2 5

Shared Environment 6.9 6.9 691.4 4

Additive Genes 13.4 4.1 682.3 4

Additive and dominant genes 17.0 2.3 679.5 3

Free phis, prevalence estimated 17.7 1.8 679.3 3

Saturated 17.7 1.8 678.2 0

SAME SEX PAIRS

No aggregation 1.0 1.0 2216.8 11

Shared environment 5.8 5.8 2131.4 10

Additive genes 8.8 3.4 2118.3 10

Additive and dominant genes 9.9 2.2 2116.3 9

Free phis, prevalence estimated 2113.4 7

Saturated 2110.5 0

270



14.2 Bivariate analyses

14.2.1 Asthma and hayfever : To examine the relationship between
asthma and hayfever, it is necessary to extend our model to the bivariate case. As
only two variables are being analysed in this case, the proportion of variability due
to genetic components specific to any one disease cannot be separated out, but
the genetic correlation between the two can be estimated. The full bivariate model
initially tested comprises additive and nonadditive genetic components common to
asthma and hayfever ("genetic atopy"), additive and nonadditive genetic
components unique to asthma or hayfever, an environmental component shared by
asthma and hayfever, and a unique asthma or hayfever environmental component
(as Figure 11.1). Each model was fitted to all five zygosity groups permitting the
sexes to load differently on each component as had been shown necessary in the
univariate analysis of asthma (see Table 14.14, Model I). The environmental
covariation between asthma and hayfever was first set to zero, which had the effect
of causing a significant deterioration in fit of the model (Model II). When the unique
environmental component was removed for asthma or hayfever, this too leads to a
poor fit (Model III). More importantly, the model assuming no common genetic
component to both diseases (Model IV) also led to a significant deterioration of fit.
Attempting to fit a model without any nonadditive genetic component (Model V),
was unsuccessful, but a nonadditive genetic component for females could be
dispensed with (Model VI).

Therefore, different parsimonious models for males and females were
ultimately selected: for males, the full model; for females, a common additive
genetic component, and an additive genetic component specific for asthma and/or
hayfever. This model fitted the data as well as the full model for both sexes
(χ2=13.58-11.80=1.78 (N.S.,3 df)). It led to an estimate of the genetic correlation
between the diseases of 0.65 for females and 0.52 for males, and an
environmental correlation of 0.33 for females and 0.53 for males. Further removal
of parameters led to equally well-fitting but not significantly better models.

Although the χ2 results for the various models should be regarded as guides
rather than exact statements of likelihood, a number of conclusions about the
genetics of asthma and hayfever may be made: (1) Both diseases have a common
genetic component. This acts more nonadditively in males. This finding is
interesting, because although asthma and hayfever are usually more prevalent in
male children, by adulthood the prevalences among the sexes are equal. These
sex differences had been thought to be probably genetic in origin [Sibbald 1981]. I
note the sex difference in age of onset, and the higher heritability derived for males
compared to females reporting these conditions, but a test of any actual causal
association requires the information about age of onset and severity of disease in
the 1989 and 1991 questionnaires (see Chapters 16 and 18).

(2) There is evidence for covariation of environmental influences on asthma
and hayfever, which is consistent with our biological knowledge of the importance
of aeroallergens in each disease. (3) Our study was not able to detect a role for
an effect of shared environment in explaining the correlations between disease in
each member of a twin pair. That is, the resemblances appeared to be mainly due
to genetic similarities as opposed to simultaneous exposure to the same household
allergens, infective agents or cigarette smoke, though any small effect of shared
environment will appear as additive genetic effects in the analysis.

(4) There appear to be environmental influences that affect asthma or
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hayfever separately. This may represent, for example, a role of respiratory tract
infection in the aetiology of asthma [Falliers et al 1971; Busse 1987]. (5) The
genetic correlation between both diseases was less than unity, implying that there
are additional genetic influences unique to at least one and probably both diseases.
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14.2.2 Asthma and bronchitis : I performed similar analyses for asthma
and bronchitis as just described for asthma and hayfever (Table 14.15). In
addition, I fitted direction of causation models [see Duffy & Martin 1994] to this very
blunt measure of disease status (ever v never). Directional models (see Figure
11.2) allow one to test hypotheses about cause and effect of the observed traits
given the additional information about the genetic architecture of the individual
traits. In the simplest case, trait A and B are correlated in the population, trait A is
solely genetically determined, while variation in trait B is purely due to
environmental causes. If variation in A leads to variation in B via a non-genetic
mechanism, then twin concordance for B will be greater in MZ than DZ twins. In
this situation, a path model A→B will fit the observed correlations better than B→A.
In theory, this extends to situations where each trait has a different genetic
architecture. In the asthma-bronchitis case however, I was unable to discriminate
between the two alternatives, probably due to the nature of the data.

I fitted the bivariate interaction model first to each sex. This showed that
reciprocal interaction is unnecessary, but that the causal path can run either from
asthma to bronchitis or vice versa without significant deterioration in fit. Models
were then fitted to all five zygosity groups. In the first series, I have assumed that
the relationship between bronchitis and asthma is the same in each sex. These
show weak evidence for a causative role for bronchitis on asthma. The different
alternatives differ only slightly in the genetic and environmental loadings, that is the
percentage of the variance of the liability due to each component.

I expanded the models to allow the relationship between asthma and
bronchitis to vary in each sex. It is plausible that the sexes may differ in their
susceptibility to developing asthma after viral respiratory tract infection say, but
these models are not directly comparable to those we have just examined.

The reciprocal interaction model was then fitted with non-additive and
additive genetic components for asthma in males (the preferred model from the
univariate case); and additive asthma genes acting in females. The reciprocal
model including non-additive components for asthma and bronchitis in both sexes
failed, that is it gave non-admissible estimates for loadings. This was a problem
found in a few cases.

Examining the alternative unidirectional models found weak support for
bronchitis leading to asthma. The real point of interest is the pattern of coefficients
for the interaction in each sex. That these had to run in opposite directions to get
a fit suggests that these results would have to be interpreted cautiously. Genetic
and environmental influences common to asthma and bronchitis seemed to be
necessary to explain the correlation between the two. A non-additive genetic
component to asthma was weakly supported. The estimated genetic correlation for
the two traits for males is 0.47, and for females 0.58. The environmental
correlation for males was 0.49, for females 0.52. This led to predicted correlations
between the traits of 0.45 for males and 0.54 for the females, in good accord with
the observed correlations.

The asthma-bronchitis case did require the retention of a non-additive
specific genetic component, but the common non-additive genetic component could
be dropped. It otherwise was similar to the asthma-hayfever situation.
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15 MULTIVARIATE GENETIC ANALYSES OF 1980 QUESTIONNAIRE

I now present four and five variable models that test the hypothesis of a
common genetic component to allergic diseases. These have been fitted to
tetrachoric correlation matrices using WLS in LISREL 8. The weight matrices used
have been bootstrapped (200 pseudosamples) as well as estimated using the
improved asymptotic procedure of PRELIS 2. Initially, I have fitted models that
make no assumptions about the nature of the correlations between traits within and
between twins, other than that twins are interchangeable. That is, the causes of
correlation within each twin are the same in the first and second born twins, and
the cross-correlations between different traits in twin 1 and twin 2 are symmetrical
(for example that correlation between asthma in twin 1 and hayfever in twin 2 is the
same as that between asthma in twin 2 and hayfever in twin 1). Essentially, these
test the intraclass assumptions usually made for twin data, and were not rejected
for any groups or sets of variables described below (not shown).

The first model links asthma, hayfever, dust allergy, and eczema (Tables
15.1 and 15.4). I have included "dust allergy" because of the high loading for this
item on the first component extracted in the intraindividual PCA (internal validity),
and because other authors have found it to predict positive skin tests to house dust
mite [Murray et al 1983]. I am less sanguine about self-reported eczema, as
discussed earlier, because of the high prevalence. I first performed a test for sex
heterogeneity, again an intraclass model constraining the same-zygosity correlation
matrices to be equal. The tests for ΣMZF=ΣMZM (upper versus lower triangle of Table
15.1, χ2

40=256.8, P=0.00) and ΣDZF=ΣDZM (Table 15.4, χ2
40=128.2, P=0.00) were both

highly significant.
A "latent" phenotype model fitted the data fairly well (Table 15.2, Model 1)

for same-sex females, but not as well as the biometrical factor or cholesky models
(Models 2-5). The most parsimonious model seems to be the biometrical model
with common A and E factors, and specific A and E factors for all the traits, with
the exception of dust allergy, which seems to be the best indicator for the
underlying common factors. In order to keep the model identified (on the PC
LISREL 8.02, often not a problem with higher word size machines), the specific A
for dust allergy was set to zero; but in alternative models where other specifics
were set to zero, this was estimated at 1% of variance in liability (Table 15.3).
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Table 15.1 Tetrachoric correlations for wheezing, hayfever, dust allergy and
eczema in same-sex females responding to Q1 (1980).

W1 H1 D1 E1 W2 H2 D2 E2

DZ Females (751 pairs)

Wheezing T1* --- 52 58 29 24 12 07 21

Hayfever T1 55 --- 75 31 17 31 17 11

Dust Allergy T1 57 76 --- 28 03 26 21 08

Eczema T1 27 25 30 --- 12 09 01 30

Wheezing T2 60 36 39 22 --- 39 67 23

Hayfever T2 41 59 45 14 55 --- 72 21

Dust Allergy T2 43 41 51 18 64 77 --- 27

Eczema T2 09 19 19 58 14 12 21 ---

MZ Females (1232 pairs)

* Wheezing in Twin One.
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Table 15.2 Factor models and goodness-of-fit measures for wheezing, hayfever,
dust allergy and eczema in same-sex female twins.

Model χ2 df P RMSR AIC

1 Latent phenotype 54.8 45 0.15 0.06 84.8

2 Biometrical factor ADCEC 39.5 39* 0.45 0.055 81.5

3 Biometrical factor AEC 43.5 45 0.54 0.062 73.5

4 ADE cholesky 35.3 30 0.23 0.051 95.3

5 AE cholesky 39.7 40 0.48 0.059 79.7

* Some terms not identifiable.

Table 15.3 Proportion of variation (×100) due to common and trait-specific genetic
and unshared environmental risk factors from biometrical factor model (Model 3).

Trait
Common Specific

A E A E

Wheezing 36 10 24 30

Hayfever 36 25 22 14

Dust Allergy 52 42 --* 6

Eczema 10 01 52 36

* Set to zero.
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Table 15.4 Tetrachoric correlations for wheezing, hayfever, dust allergy and
eczema in same-sex males responding to Q1 (1980).

W1 H1 D1 E1 W2 H2 D2 E2

DZ Males (349 pairs)

Wheezing T1* --- 21 51 13 59 15 33 -18

Hayfever T1 75 --- 15 63 20 46 09 37

Dust Allergy T1 47 36 --- 11 79 03 10 18

Eczema T1 34 49 64 --- 09 67 14 20

Wheezing T2 58 50 64 49 --- 13 09 27

Hayfever T2 42 55 45 68 53 --- 19 27

Dust Allergy T2 29 28 30 09 32 10 --- 51

Eczema T2 17 13 03 07 09 24 60 ---

MZ Males (749 pairs)

* Wheezing in Twin One.

In the same-sex males (Table 15.4), by contrast, a common dominant
genetic term was required to produce an acceptable fit (Table 15.5). The best
model here was again a biometrical model, but with common A,D and E factors,
and specific A and E factors (Table 15.6).
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Table 15.5 Factor models and goodness-of-fit measures for wheezing, hayfever,
dust allergy and eczema in same-sex male twins.

Model χ2 df P RMSR AIC

1 Latent phenotype 59.8 45 0.07 0.100 89.8

2 Biometrical factor ADCEC 32.4 37 0.68 0.087 78.4

3 Biometrical factor ADEC 37.7 40* 0.57 0.098 77.7

4 Biometrical factor AEC 62.2 45 0.04 0.120 92.2

4 ADE cholesky 36.3 30 0.20 0.095 96.3

5 AE cholesky 48.9 40 0.16 0.120 88.9

Table 15.6 Proportion of variation (×100) due to common and trait-specific genetic
and unshared environmental risk factors from biometrical factor model (Model 3).

Trait
Common Specific

A D E A E

Wheezing 37 17 07 19 20

Hayfever 02 62 36 --* 0

Dust Allergy 23 34 10 02 34

Eczema 21 01 03 49 26

* Not identified in model.

The second group, of five symptoms, to which this model was fitted included
asthma, hayfever, dust allergy, sinusitis and bronchitis. The PCA suggested that
the latter two traits might require another factor to fully explain their variability,
which as earlier suggested would be a component representing infection or
susceptibility to infection. Similar models to those fitted to the original four
symptoms were tested. The correlation symmetry model fitted the observed
correlations well: Males χ2

50=54.73 (P=0.30) and females χ2
50=54.18 (P=0.32). The

genetic models were modified slightly from those fitted earlier.
There was a need for a common dominance component in both sexes in the

biometrical model. The fit was good for the females, but less so for the males.
Examination of the residuals for the males showed that fit was poor especially for
intrapair hayfever correlation in the DZ males. A number of procedures were
undertaken to see if the decreased fit as measured by χ2 might be due to the
previously noted heterogeneity of correlations among these five traits, especially
the pattern of residuals for the DZ males. These suggested that this might be at
least partly so. Overall, tests for sex heterogeneity were not significant, and I have
presented pooled results (Tables 15.7 and 15.8).

I then modified this model by replacing the asthma-bronchitis factor by a
directional path between the two phenotypes, with specific genetic and
environmental components for each trait (not shown). In the female twins, the
model B→A fitted the data as well as did the reciprocal pathway model, but was
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greatly superior to the A→B model (χ2
79=109.31 versus χ2

79=508.84). Therefore, if
the only genes shared by asthma and bronchitis were those for atopy, a phenotypic
relationship between the two traits is necessary, and the liability to asthma would
be due to a liability in the individual to reported bronchitis. I have discussed
elsewhere [Duffy & Martin 1994] why this conclusion should be accepted
cautiously.
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Table 15.7 Factor models and goodness-of-fit measures for wheezing, hayfever,
dust allergy, sinusitis and bronchitis.

Model χ2 df P AIC

1 Biometrical factor ADCEC 202.0 201 0.42 -200.0

2 Biometrical factor ADEC 204.6 206 0.51 -207.4

3 Biometrical factor ACEC 246.5 204* 0.02 -159.5

4 Biometrical factor AEC 305.3 209 0.00 -112.7

Table 15.8 Proportion of variation (×100) due to common and trait-specific genetic
and unshared environmental risk factors from biometrical factor model (Model 2).

Trait
Common Specific

A D E A D E

Wheezing 08 29 09 16 16 24

Hayfever 18 23 27 0 21 12

Dust Allergy 16 38 28 -- -- 18

Sinusitis 30 0 19 7 2 41

Bronchitis 13 0 7 6 0 42
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16 1988 QUESTIONNAIRE

The 1988 questionnaire was sent to the 3752 contactable pairs who had
returned the 1980 questionnaire. The disease checklist was much shorter, and
items were now answered twice: for before and after the age of fourteen years, the
three categories being "Never", "Occasionally" and "Often". This was returned by
2990 complete pairs (78% of 3808). There were 146 pairs lost to followup due to
the death of one or both twins, 124 pairs where the mailing address was incorrect
or who refused all contact, and 547 pairs where one or both refused to complete
the questionnaire.

Tabulating the asthma status of twins who completed or did not complete
the 1988 questionnaire item (Table 16.1) shows that loss to followup seems to be
uncorrelated with asthma, although those who had not completed the
asthma/wheezing item in 1980 were more likely to have dropped out completely by
1988 - that is, data is missing-at-random with respect to asthma, although not
missing-completely-at-random [Little & Rubin 1987].

Table 16.1 Relationship between response to Canberra questionnaire item on
asthma/wheeze and 1988 followup questionnaire for 7616 twins.

Wheeze on 1980
Canberra
Questionnaire

Wheeze on 1989 Followup
questionnaire

Yes No No Info

Yes - frequently 187 (69.3) 12 (4.4) 71 (26.3)

Yes - rarely 251 (56.3) 70 (15.7) 125 (28.0)

Yes - only as a child 194 (66.4) 26 (8.9) 72 (24.7)

No 417 (7.4) 3767 (66.4) 1485 (26.2)

No Information 69 (7.4) 499 (53.1) 371 (39.5)

16.1 Prevalences

By 1988, the crude prevalence had risen from 13.2% to 18.9%. The highest
rates of new wheezing were seen in women born after 1940. These rates differed
significantly from those for women born before 1940, and from those for men at all
ages, where no significant cohort effects were detected (χ2

5=7.7, P=0.17 - see
Figure 16.1).

Examination of the 1988 reported category of age of onset of wheezing
(before or after age 14 years) followed the same pattern in that women were more
likely to report later onset asthma than men (age corrected OR=1.5, CI=1.3 to 1.7),
while no sex differences were present for childhood onset asthma. There was a
suggestion of twin correlation in age of onset on examining the pattern of odds
ratios for the different categories (Table 16.3 and 16.4), but interpretation must
allow for the censoring that occurs in early onset asthma [Smith 1976; Claus et al
1990].
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Figure 16.1 Eight year cumulative incidence (1980-1988) of
asthma/wheezing in cohort 1.
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Table 16.2 1980 lifetime prevalence and 1988 8 year cumulative incidence of
wheezing (per thousand) in all 7616 twins (actual numbers of cases in brackets)
versus year of birth and sex. The denominators for cumulative incidence are less
than those for lifetime prevalence due to death and dropout.

BIRTH
COHORT

1895-1919 1920-29 1930-39 1940-49 1950-59 1960-64

MALES N 162 212 253 548 988 583

1980 Prev ‰ 93 (15) 76 (16) 154 (39) 153 (84) 147 (145) 134 (78)

8 y Cum I ‰ 83 (6) 40 (6) 71 (13) 43 (18) 45 (35) 71 (29)

FEMALES N 300 478 579 1038 1636 839

1980 Prev ‰ 83 (25) 115 (55) 129 (75) 152 (158) 126 (206) 133 (112)

8 y Cum I ‰ 48 (8) 36 (13) 48 (23) 98 (88) 87 (118) 95 (59)

Table 16.3 Adjusted odds ratios for category of age of onset in Twin One and
Twin Two.

Age of onset
Twin 1 v Twin 2

OR 95% CI

Early v Early 9.2 5.9 to 14.3

Early v Late 4.4 2.2 to 7.7

Late v Late 7.0 4.3 to 11.4
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Table 16.4 Results of hierarchical χ2 testing of interaction terms in log linear
models for age of onset of wheezing that include zygosity and sex. Twin 1 (T1)
and Twin 2 (T2) are age of onset for each twin (Never, Early, Late onset)

Model Term χ2 d.f. P-value

T1 X T2 151.2 4 0.00

Male v. Female 46.3 4 0.00

MZ v. DZ T1 X T2 20.0 8 0.01

Final model* 5.4 13 0.97

* In GLIM notation: T1*T2*Zygosity + T1.Sex + T2.Sex + Sex

16.2 8 year cumulative incidence

I examined the incidence of new asthma versus age at onset (childhood or
later) of asthma in the cotwin. Adult onset asthma was more common in MZ
cotwins of probands who reported asthma in 1980 which had an onset after the
age of 14 years (Table 16.5). Any DZ effect was not detectable, although the
MZ/DZ difference did not reach statistical significance - for the second column of
Table 16.5, the ratio of OR=2.8, 95%CI=0.8-9.0.

Table 16.5 Sex and birth cohort adjusted odds ratios for new asthma (in period
1980-88) in cotwin versus zygosity and age at onset of asthma in the proband.
Reference category is never wheezed.

Zygosity
Age at onset in proband

<14 years old 14+ years old

MZ cotwin 2.1 (1.0-4.3) 6.5 (3.5-12.1)

DZ cotwin 2.7 (1.3-5.8) 2.3 (0.9-6.4)

16.3 Asthma measured at two occasions

16.3.1 Loglinear models : One question I have attempted to answer using
a number of different analyses is whether the asthma occurring between 1980 and
1988 differs in genetic determinants from that occurring before this time. The first
analysis I will present concentrates on twins born in 1945 onwards. This age group
is fairly homogenous in terms of incidence of asthma over the eight years, but
contributes most of the new cases of asthma/wheezing, relatively few were lost in
the intervening period, and because of the age structure of the sample, contains a
large number of twins. It is a log-linear time series analysis that does not explicitly
model new asthma/wheeze - but does fit zygosity terms to both time points.

First, I have fitted a non-intraclass model: the saturated model was {zygosity
group (5 levels)}*{asthma 1980 twin 1 (ever/never)}*{asthma 1988 twin 1 (ever/
never)}*{asthma 1980 twin 2 (ever/never)}*{asthma 1988 twin 2 (ever/never)}.
Hierarchical likelihood ratio testing suggested that fourth order interaction terms
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were required (see Table 16.6), so that concordance in 1988 was contingent on
zygosity and asthma status of each twin in 1980. Several parameters were not
estimable for this model.

Table 16.6 Results of interactive hierarchical log-linear model fitting to reported
"ever" asthma/wheeze in 1980 (A80) and in 1988 (A88).

Model χ2 df P AIC

Saturated model 0 0 1.00 0

No fourth and fifth order interaction terms 35.4 21 0.02 -6.6

Add
Zyg.A80(T1).A88(T1). A88(T2) and
Zyg.A80(T2).A88(T1).
A88(T2)

10.6 13 0.64 -15.4
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The alternative model I have fitted is a non-hierarchical log-linear modified
path model after Goodman. This was built upward and consists of phenotypic
paths connecting asthma/wheeze in 1980 with that in 1988 within an individual, and
"genetic" paths connecting Twin 1 and Twin 2 asthma in 1980, and similarly in
1988. This model has an overall χ2

43=53.6 (P=0.13) and thus an AIC of -32.4. It
can be further improved by equating all the MZ and all the DZ concordances to
give a χ2

49=64.7 (P=0.07, AIC=-33.1). Cross effects of asthma in 1980 in one twin
on asthma in 1988 in the other twin were not statistically significant, as was the
addition of the terms Zyg.A80(T1).A88(T1).A88(T2) and
Zyg.A80(T2).A88(T1).A88(T2), which led to an AIC of -24.6 (χ2

39=53.4). The final
model (refined by the introduction of intraclass constraints, giving an AIC=-43.5) is
depicted in Figure 16.2.

16.3.2 MFT: Weighted least squares analysis using tetrachoric correlations

Figure 16.2 Modified path diagram of log-linear model for asthma in 1980 and 1988
in twins born since 1944. A80(88) is asthma reported in 1980(88). Path coefficients
are odds ratios (95% CIs).

understandably reached similar conclusions to the modified log-linear path model
just described (Table 16.7). These two analyses suggest different genes acting at
the different time periods. This may or may not be reflected by phenotypic
heterogeneity.
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Table 16.7 Overall goodness-of-fit χ2 for common factor models for wheezing prior
to (Time 1) and after the age of 14 years (Time 2).

MODEL χ2 d.f. P value

Common G,E: Time 1 and Time 2 50.76 10 0.00

Adding specific G for Time 2 9.20 9 0.42

Adding specific E for Time 2 8.84 9 0.45

Adding specific G and E for Time 2 5.02 8 0.76

16.4 Multivariate path models

16.4.1 Lifetime risk : Here I present analyses for "ever" developed trait.
Because relatively few DZ male pairs have complete data for 1988 (184 pairs), the
sample size is too small to allow the use of WLS analysis of this group using
tetrachoric correlations. However, the correlation matrix for the MZ males (310
pairs) could be set equal to the MZ females matrix (655 pairs) - under intraclass
constraints, χ2

40=30.94, P=0.85. The DZ female (395 pairs) and DZ opposite-sex
(384 pairs) matrices could not (χ2

40=59.39, P=0.02), suggesting sex heterogeneity. I
will restrict my remarks to MZ females and DZ females, where the four variable
model - wheezing, hayfever, dust allergy and eczema - of the previous chapter has
been fitted (Table 16.8).

For genetic models for correlation among the same-sex females, resolving
power was not great (Table 16.9). The CE cholesky model was not significantly
worse in fit than the ACE cholesky on LR testing (Models 5 v 6, χ2

10=12.3, P=0.26),
although the AE cholesky model was best in AIC terms. The biometrical ACEC

model (again with specific A for asthma, hayfever and eczema; specific E for all
four variables) was better than the AEC and CEC alternatives (Table 16.10). The
confidence limits on the estimated variance components in these models are large,
and I would be inclined to better trust the overall results of the previous chapter.
However they hint that perhaps familial environment might be more important in
disease of earlier onset, in females at least. The fact that dominance was more
important in the male twins in the analyses of Chapter 15 means that shared
environmental effects would not be detectable in that sex anyway (except in the
biometrical factor models).
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Table 16.8 Intraclass tetrachoric correlations for wheezing, hayfever, dust allergy
and eczema in MZ and DZ same-sex female twins returning Q2 (1988). Fit of
intraclass model χ2

30=30.5, P=0.44.

W1 H1 D1 E1 W2 H2 D2 E2

DZ Females (N=395 pairs)

Wheezing T1* --- 32

Hayfever T1 49 --- 27 35

Dust Allergy T1 63 77 --- 21 30 35

Eczema T1 35 26 38 --- 20 14 14 31

Wheezing T2 50 ---

Hayfever T2 28 50 ---

Dust Allergy T2 32 42 47 ---

Eczema T2 15 12 16 47 ---

MZ Females (N=655 pairs)

* Wheezing in Twin One.
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Table 16.9 Factor models and goodness-of-fit measures for wheezing, hayfever,
dust allergy and eczema in same-sex female twins.

Model χ2 df P AIC

1 Latent phenotype 51.2 45 0.24 -38.7

2 Biometrical factor ACEC 36.5 41 0.67 -46.0

3 Biometrical factor AEC 48.9 45 0.32 -41.1

4 Biometrical factor CEC 49.4 45 0.30 -40.6

5 ACE cholesky 32.3 30 0.35 -27.7

6 CE cholesky 44.6 40 0.28 -35.5

7 AE cholesky 39.6 40 0.49 -40.4

Table 16.10 Proportion of variation (×100) due to common and trait-specific
genetic and unshared environmental risk factors from biometrical factor model
(Model 5).

Trait
Common Specific

A C E A E

Wheezing 04 20 20 24 30

Hayfever 24 14 23 12 25

Dust Allergy 26 21 50 -- 02

Eczema 02 20 12 24 42

16.4.2 Childhood onset : Symptoms first appearing in childhood are far
more likely to have an allergic aetiology, especially in the case of eczema. The
1988 questionnaire differentiated onset prior to 14 years of age on a three point
severity. This allows the use of polychoric correlations for this analysis (Table
16.11).

The bivariate normal model used to estimate polychorics fitted the ninefold
tables well. For the MZ females, the χ2

3 testing this exceeded P=0.05 in 3/28 of
the tables, and none of the Root Mean Square Error of Approximation (RMSEA)
values were significantly different from zero. In the DZ female group, the χ2 test
flagged 6/28 tables, the RMSEA, 2/28.

Of the cholesky models, the CE is slightly worse fitting than the ACE
(χ2

10=19.0, P=0.04). The common ACE biometrical factor model seems to be best
overall (Table 16.12). A greater role for common genetic factors was supported in
this analysis (Table 16.13), especially for eczema, as one would predict.
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Table 16.11 Intraclass polychoric correlations for wheezing, hayfever, dust allergy
and eczema with onset prior to 14 years of age in MZ and DZ same-sex female
twins returning Q2 (1988). Fit of intraclass model χ2

30=35.7, P=0.22.

W1 H1 D1 E1 W2 H2 D2 E2

DZ Females (N=395 pairs)

Wheezing T1* --- 21

Hayfever T1 62 --- 26 26

Dust Allergy T1 74 85 --- 20 36 33

Eczema T1 48 31 46 --- 06 -01 -01 24

Wheezing T2 57 ---

Hayfever T2 39 62 ---

Dust Allergy T2 42 55 56 ---

Eczema T2 29 19 25 53 ---

MZ Females (N=655 pairs)

* Wheezing in Twin One.
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Table 16.12 Factor models and goodness-of-fit measures for wheezing, hayfever,
dust allergy and eczema in same-sex female twins.

Model χ2 df P AIC

1 Latent phenotype 86.4 45 0.00 -3.6

2 Biometrical factor ACDEC 50.3 37 0.07 -23.7

3 Biometrical factor ACEC 55.8 41 0.06 -26.2

4 Biometrical factor ADEC 57.7 40* 0.04 -22.3

5 Biometrical factor AEC 77.3 45 0.00 -12.7

6 Biometrical factor CEC 80.6 45 0.00 -9.4

7 ACE cholesky 50.0 30 0.01 -10.0

8 CE cholesky 69.0 40 0.00 -11.0

9 AE cholesky 58.6 40 0.03 -21.4

* Specific A for hayfever not identified.

Table 16.13 Proportion of variation (×100) due to common and trait-specific
genetic and unshared environmental risk factors from biometrical factor model
(Model 3).

Trait
Common Specific

A C E A E

Wheezing 34 06 21 17 23

Hayfever 27 28 23 03 19

Dust Allergy 34 24 41 -- 02

Eczema 41 10 12 00* 36

* Not identified
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17 1989 QUESTIONNAIRE

The screening questionnaire for Cohort Two twins, those born 1964-1971,
was mailed out in 1989. Because they had last been contacted by the Twin
Registry in 1980, and because of their age, a current address was not available for
one quarter of the sample. Followup of twins who had not returned the
questionnaires was by telephone interview for this round of the study. This
interview covered only part of the questionnaire, and did not include any of the
disease items such as asthma (Tables 17.1 and 17.2).

Table 17.1 Pairwise and individual-wise response rates in Cohort Two to the
screening questionnaire.

Of 4269 pairs: Mailed R Phone i/v No Response

Mailed Response 1567 (36.7)

Telephone interview 346 (8.1) 357 (8.4)

Refused/Uncontactable 289 (6.8) 228 (5.3) 1482 (34.7)

Of 8538 Individuals: 3769 (43.6) 1288 (15.1) 3481 (41.3)

Table 17.2 Breakdown of nonresponders to questionnaire.

Deceased No current
address -
No Q sent

No current
address -
Q sent

Overseas Refused to
complete

Misc. Total

32 (0.9) 402 (11.5) 1752 (50.3) 37 (1.1) 1018 (29.2) 240 (6.9) 3481

17.1 Asthma

The items on health conditions were prefaced "Have you EVER had any of
the following? (Please tell us about when you were a child under 14, and also
when you were grown)" and required a Yes/No answer to the presence of 17
conditions in each epoch in the respondent and also his/her cotwin. Only one
atopic item was included - "Asthma or wheezing" (Table 17.3).

The cumulative incidence of asthma in the pairs where both had completed
the asthma item was 21.8%; and in the pairs where only one had responded, self-
reported asthma was present in 21.5% (z=0.18, P=0.86). The cumulative incidence
of asthma in the equivalent sample (18 to 25 year olds) from the 1980 survey was
much lower - 12.9% (difference between cohorts, LR χ2

1=63.0).
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Table 17.3 Responses to item on asthma/wheeze in Cohort Two respondents.

As+ As- ?

Asthma + 126

Asthma - 383 948

No Information 150 552 2110

17.1.1 Cross-reporting of asthma : The knowledge of the respondent
about his/her cotwin’s health was fairly good (Cohen κ=0.72, 95%CI=0.69-0.75).
The crude sensitivity (with self-report as the "gold standard") was 73% and the
specificity 96% (Table 17.4). The prevalence of proxy reported asthma in the
cotwins of a sole respondent for the pair was 17.7%. Comparing this to the proxy
rate in complete pairs (marginal probability from Table 17.4 is 19.5%) found no
significant difference (z=1.04, not adjusting for correlation within pairs).

Table 17.4 Self and proxy report of asthma/wheeze in the 1989 questionnaire.

Proxy
Report

Self-report of asthma/wheezing

As+ As-

Asthma + 451 91

Asthma - 168 2075

17.2 Twin concordance for asthma

17.2.1 Log linear models : In the pairs where both members had returned
the questionnaire, a pattern of concordances similar to that in Cohort One was
observed (Table 17.5). The same sex male and female concordances did not differ
significantly within zygosity groups (common ORMZ=5.7, 95%CI=3.8-8.5, Breslow-
Day χ2

1=0.9; common ORDZ=2.6, 95%CI=1.6-4.3, B-D χ2
1=0.5). The opposite-sex

DZ concordance was significantly lower than the DZ (same sex) female
concordance (B-D χ2

1=4.3), but the omnibus test for all three DZ groups was not
significant (B-D χ2

2=4.3, P=0.12).
As the age range of this sample was only 8 years, it was not surprising to

find that age was not a significant correlate of asthma prevalence (Table 17.6).
There were no sex differences in prevalence or concordance. Extending a log-
linear to analysis to include twins from the Canberra questionnaire who were the
same age in 1980 (Table 17.7), I found strong differences in prevalence of asthma
over the nine years separating these birth cohorts, but no significant differences in
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MZ/DZ concordances (Table 17.8).

296



Table 17.5 Occurrence of asthma/wheeze in twin pairs in Cohort Two where both
completed the questionnaire item on asthma.

Zygosity
Group

Number of
pairs

Asthma: no. pairs
and percentage

affected
Odds
Ratio

Phi

++ +- --

MZ Female 438 N 46 105 287 4.9 +0.32

% 10.5 24.0 65.5

MZ Male 248 N 31 53 164 7.4 +0.40

% 12.5 21.4 66.1

DZ Female 294 N 24 79 191 3.0 +0.21

% 8.1 26.9 65.0

DZ Male 157 N 12 48 97 2.1 +0.14

% 7.6 30.6 61.8

DZ F/M 320 N 13 98 209 1.1 +0.02

% 4.1 30.6 65.3
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Table 17.6 Results of interactive hierarchical log-linear model fitting to reported
"ever" asthma/wheeze in same-sex twins from Cohort Two.

Model χ2 d.f. P AIC

Saturated model 0 0 1.00 0

No interaction involving
sex

12.4 16 0.72 -19.6

No interaction involving
sex or birth cohort (2
levels)

19.6 22 0.61 -24.4

Table 17.7 Results of interactive hierarchical log-linear model fitting to reported
"ever" asthma/wheeze in same-sex twins from Cohorts One and Cohort Two aged
18-25 years in 1980 and 1989 respectively.

Model χ2 d.f. P AIC

Saturated model 0 0 1.00 0

No fourth order interaction 5.3 6 0.51 -6.7

No third order interaction
involving sex/birth cohort

12.7 15 0.69 -17.3

No interactions involving
sex

15.0 19 0.75 -23.0

No zygosity by cohort
effect

15.0 20 0.78 -25.0
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Table 17.8 Parameter estimates (odds ratios or ratios of odds ratios) for best
fitting log-linear model for reported "ever" asthma/wheeze in same-sex twins from
Cohorts One and Cohort Two aged 18-25 years in 1980 and 1989 respectively.
Reference group is Cohort Two DZ twins.

Effect OR 95% CI

Twin 1 v Twin 2 (DZ) 2.7 (1.8-4.0)

Twin 1 v Cohort One 0.7 (0.5-0.9)

Twin 2 v Cohort One 0.5 (0.4-0.6)

Twin 1 v Twin 2 v. Zyg (MZ) 2.8 (1.6-4.6)

17.2.2 Phi models : Genetic analysis using phi coefficients of the same-sex
pairs from both cohorts suggested an additive genetic model best fitted the data,
with no evidence for sex-limited heterogeneity in genetic variance. Since the
covariates (sex and birth cohort) were binary in this case, a phi model almost
identical to the loglinear model could be fitted. It differs (Table 17.9) in that
prevalences and covariances are fitted to independently, so covariance "interaction"
terms do not rely on lower order prevalence terms. The pattern of odds ratios
arising from this model are instructive (Table 17.10). The model fitted has only
three parameters fitted (two to prevalence, one to covariance), which give rise to
different cumulative incidences in 1980 (0.129) and 1989 (0.220), and MZ (0.0510)
and DZ (0.0255) covariances. The MZ/DZ ratio of odds ratios differs across the
cohorts (3.3 and 2.0) under this model, bracketing the common estimate of the
loglinear model.
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Table 17.9 Results of interactive hierarchical model fitting to phi coefficients for
reported "ever" asthma/wheeze in same-sex twins from Cohorts One and Cohort
Two aged 18-25 years in 1980 and 1989 respectively.

Model
Likelihood
Ratio χ2

df (P) AIC
Cumulative
incidence

Covariance
between twins

Intercept C 95.5 22 (.00) +51.5

Cohort C 34.0 21 (.04) -8.0

Intercept AE 80.6 22 (.00) +36.6

Cohort AE 17.6 21 (.67) -24.4

Cohort AE each cohort 14.2 20 (.82) -25.8

Cohort AE each sex 17.3 20 (.64) -22.7

Cohort, sex AE 17.5 20 (.62) -22.5

Cohort, zyg AE 17.6 20 (.61) -22.3

Cohort ADE 17.2 20 (.64) -22.8

Cohort ADE each cohort 13.1 18 (.79) -22.9
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Table 17.10 Observed phi and odds ratios and those expected under preferred
model ("Cohort, AE") for reported "ever" asthma/wheeze in same-sex twins from
Cohorts One and Cohort Two aged 18-25 years in 1980 and 1989 respectively.
Note that unchanged genetic variance leads to quite different ratios of odds ratios
depending on the trait prevalence.

Summary Statistic 1980 Cohort 1989 Cohort

MZF MZM DZF DZM MZF MZM DZF DZM

Observed
Statistics

Phi 0.38 0.47 0.18 0.06 0.32 0.40 0.21 0.14

OR 10.9 15.5 3.4 1.7 4.9 7.4 3.0 2.1

Predicted
Statistics

Phi 0.45 0.23 0.30 0.15

OR 14.6 4.4 4.5 2.2

Including opposite sex pairs in the analysis of both cohorts confirmed the
findings of the preliminary Breslow-Day tests (Table 17.11). Models 4 and 8 in
Table 17.11 are equivalent, due to the estimate for the covariance arising from the
special opposite sex twin environment being negative (!). Support for this model
arises from both cohorts which gives the cumulative incidence for 1980 as 0.134;
for 1989 as 0.214; the MZ covariance as 0.0520; DZ same-sex 0.0260; and DZ
opposite-sex 0.0065. Model 5 is parameterised in an additive fashion, with additive
covariance common to all pairs (0.0131), supplemented by that acting in same-sex
male pairs (0.0423), and same-sex female pairs (0.0370).
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Table 17.11 Results of interactive hierarchical model fitting to phi coefficients for
reported "ever" asthma/wheeze in all twin pairs from Cohorts One and Cohort Two
aged 18-25 years in 1980 and 1989 respectively.

Model
Likelihood
Ratio χ2

df (P) AIC

#
Cumulative
Incidence

Covariance
between twins

1 Cohort AE 32.0 27 (.23) -22.0

2 Cohort AE each cohort 29.8 26 (.28) -22.2

3 Cohort AEM AEF* 30.2 26 (.26) -22.7

4 Cohort AESS AEOS* 21.6 26 (.71) -30.4

5 Cohort AE AEM AEF 21.3 25 (.68) -28.7

6 Cohort A CSS E* 28.0 26 (.36) -24.0

7 Cohort A CM CF COS E* 21.2 24 (.63) -26.8

8 Cohort A COS E* 21.6 26 (.71) -30.4

* M=Male; F=Female; SS=Same Sex; OS=Opposite Sex.
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17.3 Conclusion

The results from the 1989 survey show a doubling in the cumulative
incidence of asthma/wheezing since the 1980 survey, using the same key
diagnostic item in a sample of twins accumulated in a similar fashion. The cross-
reporting on cotwins in the 1989 questionnaire suggested an absence of certain
forms of self-selection into the study - those in which twins will be correlated, and it
seems unlikely to me that other forms important to the diagnosis of asthma were
acting - especially in view of the low DZ concordance for asthma/wheeze.

The genetic analyses suggest that although prevalence has increased, the
genetic covariance between relatives have not. Under an additive phi model, as
reviewed earlier, the most likely interpretation is that gene frequencies have
remained unchanged, but gene penetrances have increased in an additive fashion
(that is all genotypic penetrances have increased by a similar amount). This
seems sensible - it is unshared environmental factors that underlie this secular
trend.

The finding for the opposite-sex pairs is interesting, given that this group
does not differ in prevalence of asthma/wheeze from the same-sex pairs, and that
there are no sex differences in prevalence at this age. A genetic interpretation
would be that asthma in the two sexes is due to different genes. Therefore,
theoretically same-sex female and male pairs could exhibit equally high
concordance for asthma, and opposite-sex twins, zero concordance. Under the
alternative sex-limitation model, where the same genes act differently in each sex,
there could be differences in same-sex concordances for male and female pairs,
and the opposite-sex concordance would be intermediate in value. The first model
is most appropriate to this situation, so that there would be in fact genetic factors
acting only in same-sex pairs (which do not have to be equal in magnitude), as in
Models 4 and 5 from Table 17.11. The other hypothesis (Models 7 and 8) is that
shared environmental factors exist that act in a sex-limited fashion only in opposite-
sex pairs. This seems special pleading to me. The sex-differences seen in early
and late onset asthma would support the genetic heterogeneity model.
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18 1991 ASTHMA QUESTIONNAIRE (Q3)

I have already described the development of this questionnaire. It was
mailed to all eligible members of twin pairs that contained a twin proband who had
reported asthma or wheezing on either the Canberra questionnaire or its 1988
followup, or the 1989 questionnaire. Eligible twins were living, resident in Australia
or at an accessible overseas address, were not invalids, and had not previously
requested removal from the active list of the Australian Twin Registry. Probands
did not have to have an eligible cotwin to be mailed the questionnaire, and I
attempted to contact twins from the original Canberra cohort who had not
completed the 1988 followup questionnaire - arguing that they may well respond to
a disease specific questionnaire.

Followup of nonrespondents was by multiple reminder calls (up to two)
followed by a telephone interview (if the individual was willing) which covered all
items of the questionnaire with the exception of family history. Ultimately, all
nonrespondents were either contacted by telephone, and their unwillingness to
complete the interview recorded, or they were never contacted despite repeated
attempts, including attempts via their parents, if alive and cooperative.

18.0.1 Cohort One: For the Canberra cohort, twins had two opportunities
to become a proband and a pair therefore had as many as four opportunities
(Table 18.1). The questionnaire was mailed to a total of 2416 individuals from the
Canberra cohort (1494 probands in 1208 pairs).

Table 18.1 Pairs from Cohort One classified as containing a proband.

Status of Pair Proband + Proband - Unclassifiable Total

Number of Pairs 1208 2558 42 3808

Responses were received from 1975 individuals, of whom 1961 completed
the first item checking on a diagnosis of asthma or wheezing (Table 18.2). Of this
group 1092 responded affirmatively, and completed the section giving a detailed
history of asthma/wheezing. Looking back to the original Canberra questionnaire,
one finds a detailed positive history has thus been obtained for 76% of those
reporting frequent symptoms in 1980, 58% of those reporting infrequent symptoms,
65% of those reporting childhood disease, 7% of those who in 1980 reported never
having wheezed, along with 5% of those who had left that item uncompleted.

Table 18.2 Individual responses (percent) from twins in the Canberra cohort to
1991 questionnaire (Q3).

Returned Not returned Died Deleted
from ATR

Refused
Q’aire

Uncontactable

1975 (81.7) 88 (3.6) 67 (2.8) 234 (9.7) 39 (1.6) 13 (0.5)

Among the twins sent a questionnaire (Table 18.3), response was unrelated
to zygosity (χ2

1=0.005) or whether the twin had reported wheezing (χ2
1=0.01), but

was higher in females (adjusted OR=1.5, 95%CI=1.2-1.9), and in those who had
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failed to complete the asthma items in 1980 or 1988. This latter group are included
because of an affected cotwin, and continuous nonresponse over 14 years would
be more likely to be due to death or loss to contact.
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Table 18.3 Completion rate for Q3 item (Item 1) on ever wheeze in Cohort One
twins mailed that questionnaire (1991) versus Q1-2 asthma screening status (1980,
1988).

Screening
Status of

Respondent

Monozygotic Dizygotic same-
sex

Dizygotic opposite-
sex

Female Male Female Male Female Male

Wheeze + 422/496
(85%)

152/198
(77%)

239/281
(85%)

118/143
(83%)

166/201
(83%)

137/175
(78%)

Wheeze - 219/255
(86%)

70/83
(84%)

154/182
(85%)

73/98
(75%)

101/117
(86%)

110/143
(77%)

Wheeze ? 6/15
(40%)

0/3
(0%)

8/13
(62%)

2/3
(66%)

4/5
(80%)

3/5
(60%)

18.0.2 Cohort Two : Because of the difficulty contacting these twins and
the lack of an asthma item in the telephone questionnaire, only 15% of all pairs
nominally in this cohort contained an identified proband (Table 18.4). This group
was therefore supplemented by including those pairs where there was a proxy
report of wheeze, so the questionnaire was mailed to 1440 twins, with 988 "broad"
probands (783 "narrow") from 770 pairs. Of 1198 respondents (Table 18.5), 1179
completed the asthma/wheeze screening item, and 706 of these responded
affirmatively. Overall, 69% of those reporting wheezing in 1989 had given a
detailed positive asthma history, 5% of those who had left the item incomplete, and
3% of those previously denying asthma.

306



Table 18.4 Pairs from Cohort Two classified as containing a self-defined ("narrow")
proband.

Status of Pair Proband + Proband - Unclassifiable Total

Number of Pairs 657 987 2618 4262

Table 18.5 Individual response rate from twins in Cohort Two to Q3 questionnaire
(1991).

Returned* Died Deleted
from ATR

Refused
Q’aire

Uncontactable/
passive refusal

1198 (83.2) 0 (0.0) 12 (0.8) 11 (0.8) 219 (15.2)

* Number (percent).

An additional group, not mentioned to date, are twins included in the pilot
phase of the clinical study recruited through media advertising in Brisbane. This
group contained eleven pairs of twins who had not taken part in the screening
studies. They were sent the questionnaire after taking part in testing.

18.1 Prevalences

18.1.1 Asthma : A diagnosis of asthma made by a medical practitioner was
reported by 1100 individuals (Q3 Item 3 - see Appendix 1). In addition, there were
a further 238 individuals with a history of wheeze who denied a doctor diagnosis,
but reported taking antiasthma medications (inhaled β-agonists, 183; inhaled
steroids, 40; cromoglycate, 12) or, in 21 cases, reporting a previous hospital
admission for asthma. They suffered fewer episodes of wheeze in the previous
two years than those with a doctor diagnosis, but 90% had experienced at least
one episode of wheezing in that period. They did not differ in age or sex from
those with a positive response to Item 3. I have regarded these 238 individuals as
having a history of doctor-diagnosed asthma. The crude prevalence of a doctor
diagnosis in probands was 65% (Table 18.6). There were no effects of birth
cohort, sex, or zygosity on doctor diagnosis within Cohorts One and Two. Because
Cohort Two was less intensively screened, twins whose screening status was
unknown, but who were mailed a questionnaire because of inclusion via an affected
proband, had a high prevalence of doctor-diagnosed asthma. Aside from this fact,
the two cohorts were broadly comparable.
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Table 18.6 Doctor-diagnosed asthma (Q3 Item 3) in subjects screening positive for
asthma/wheeze.

Screening
status

Prevalence doctor-diagnosed
asthma

Number with insufficient
information

Cohort One Cohort Two Cohort One Cohort Two

Proband 754/1218
(62%)

445/615
(72%)

276
(18%)*

168
(21%)

Nonproband 39/725
(5%)

45/449
(10%)

5026
(87%)

2444
(84%)

No information 1/22
(4%)

54/109
(50%)

349
(94%)†

4739
(98%)

* Percentage of total in that proband group.
† 349 of 7616; 4667 of 11934 (total sampling frame in 1980, when percentage is
97%).
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The relationship between doctor diagnosed asthma and wheeze in Cohort
One is complicated by the fact that probands could be diagnosed in 1988 as well
as 1980, and a possible confounding by the cotwins’ response (Table 18.7). The
CATMOD analysis of these results suggested that the relationship between the
screening test and the "gold standard" doctor diagnosis is affected by sex, but not
the zygosity or affection status of the cotwin (Table 18.8). Examination of the
actual positive predictive values (PPVs) in Table 18.7 suggests this sex effect is
entirely due to missingness, as per Table 18.3. Intratwin dependencies in negative
predictor value (1-"secondary ascertainment rate") cannot be examined, because of
the study design.

I have attempted to estimate the proportion of Cohort One in 1980 suffering
doctor-diagnosed asthma. The twins were divided into four birth cohorts (-1920,
1921-35, 1936-49, 1950-), for the purposes of modelling dropout by 1991, as well
as cohort effects on prevalence. Assuming all cases of doctor diagnosed asthma
in subjects who denied wheeze in 1980 is new asthma, and that reliability of
diagnosis is unrelated to cotwin disease status (see 18.1.5), LOGLIN gives an
overall estimate of 9% (with the most extreme 95%CI=7-11% based on doubling
the standard error arising from bootstrapping twins as independent observations).

I have also fitted an intraclass log-linear model conditioning on the status of
the cotwin (though now not stratifying over birth cohort), which used asthma either
at 1980 or 1988. The prevalence of doctor diagnosed asthma was estimated at
11.6%, with an approximate 95%CI=10.0-13.2% (again doubling standard errors, in
this case because all pairs were double entered). In Cohort Two, where age has
little impact, the intraclass log-linear model gave a prevalence of doctor diagnosed
asthma of 14.6%, with approximate 95%CI= 12.2-16.9%.

309



Table 18.7 Cohort One positive predictor values (PPVs) for doctor diagnosed
asthma (Q3 Item 3) based on positive screening in 1980 or 1988. The first panel
gives the frequencies (PPVs) for one proband from each pair. The second panel
the PPV for screen positive twins conditional on an affected cotwin. This
represents a test for intrapair dependency of the relationship between screening
"asthma or wheeze" and doctor diagnosed asthma. "Year diagnosed" is the latest
occasion the individual screened positive.

Sex of
index
twin

Year
index

diagnosed
(Q1 or Q2)

Doctor diagnosed asthma
in proband

Doctor diagnosed asthma
in screen positive cotwin

of affected proband

Yes* No ?† Yes No ?

MZ Twins

Female 1980 18 (39) 28 42 2 (22) 7 5

1988 204 (69) 93 32 36 (77) 11 4

Male 1980 15 (35) 28 42 4 (40) 6 10

1988 99 (59) 70 12 15 (52) 14 3

DZ Twins

Female 1980 16 (33) 33 40 7 (78) 2 9

1988 183 (66) 93 18 68 (78) 19 6

Male 1980 6 (32) 13 20 1 (25) 3 17

1988 56 (61) 36 11 24 (75) 8 3

* Count (Percent of respondents to item=PPV)
† Did not respond to item
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Table 18.8 CATMOD regression testing whether conditioning on the cotwin status
(Prob=Uncond,Cond), zygosity (Zyg=MZ,DZ) or sex (Sex=M,F) alters the positive
predictive value screen by doctor diagnosis. All likelihood ratio χ2 tests have 5
degrees of freedom (3 outcomes for gold standard - Yes, No, No information; 2
outcomes for screen - 1980 positive, 1988 positive; all predictors binary). The
residual χ2

5 (Prob.Zyg.Sex) was 5.2 (P=0.39)

Term LR χ2 P value

Prob 5.6 0.35

Zyg 7.8 0.17

Sex 29.3 0.00

Prob.Sex 4.9 0.42

Prob.Zyg 8.8 0.12

Zyg.Sex 6.3 0.28

Wheeze in the previous twelve months (recent wheeze) was reported by
two-thirds of those screening positive (1109 individuals), and wheeze in the
previous week by one fifth - Table 18.9. Item 5 confirms these findings, where
37.1% reported wheeze within the previous month (Table 18.10), compared to
38.6% on Item 4. Inhaled or oral steroids were being used on a daily basis by
13% of those reporting wheeze, and over half reported using β-agonists at some
time (Table 18.11). Of those with doctor-diagnosed asthma, 70% had experienced
wheezing in the previous twelve months, and would thus fulfil one definition of
recent asthma.
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Table 18.9 Time since last episode of wheeze in those reporting a positive history
(Q3, Item 4).

Time elapsed Number (%)

2 days or less 274 (15.6)

2-6 days 185 (10.5)

1-4 weeks 219 (12.5)

1-3 months 172 (9.8)

4-6 months 120 (6.8)

7-12 months 139 (7.9)

13-24 months 139 (7.9)

Less recently 509 (29.0)

Total 1757 (100)

312



Table 18.10 Number of episodes of wheezing occurring in the previous month in
those reporting a positive history of asthma/wheeze (Q3, Item 5).

Number of
episodes

Number
(%)

None 1115 (62.9)

1 197 (11.1)

2 120 (6.8)

3 59 (3.3)

4 51 (2.9)

5-10 113 (6.4)

11-20 48 (2.7)

20+ 69 (3.9)

Total 1772 (100)

Table 18.11 Medications used by the twins reporting a history of wheezing on the
Q3 (Item 8).

Agent Daily Often Occasionally

Bronchodilator MDI 220 (13.3)* 174 (10.5) 557 (33.7)

" " by nebuliser 37 (2.9) 38 (3.0) 214 (16.7)

Oral theophylline 61 (4.9) 22 (1.8) 115 (9.3)

Steroid MDI 161 (12.1) 57 (4.3) 154 (11.1)

Oral steroids 17 (1.4) 113 (1.1) 68 (5.7)

Cromoglycate 17 (1.4) 9 (0.8) 64 (5.8)

* Number (percent of total responding to that item including "Never used").
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18.1.2 Age of onset of asthma : Twins reported a median age at first
episode of wheezing of twelve years of age (interquartile range 5-22 years - total of
1664 responses), ranging from "at birth" to 73 years of age (see Table 18.12).
There was the expected preponderance of childhood onset asthma in males
(Figure 18.1).

Table 18.12 Age at first episode of wheezing in respondents to Q3 (Item 2).

Age (years) Male (%) Female (%) Total (%)

0-5 206 (35.3) 260 (24.1) 466 (28.0)

6-10 130 (22.3) 179 (16.6) 309 (18.6)

11-15 73 (12.5) 136 (12.6) 209 (12.6)

16-20 58 (9.9) 147 (13.6) 205 (12.3)

21-25 47 (8.0) 109 (10.1) 156 (9.4)

26-30 34 (5.8) 94 (8.7) 128 (7.7)

31-40 21 (3.6) 96 (8.9) 117 (7.0)

41-50 9 (1.5) 40 (3.7) 49 (2.9)

51-60 4 (0.7) 12 (1.1) 16 (1.0)

Over 60 3 (0.3) 5 (0.5) 7 (0.4)

Total 584 (100) 1078 (100) 1662 (100)

Figure 18.1 Age at first episode of asthma versus sex
(percentage each group).
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18.1.3 Hayfever : A doctor diagnosis of hayfever was reported by 1246
individuals. The prevalence of doctor diagnosed hayfever in Cohort One given that
missingness was unrelated to hayfever (missing at random with respect to 1991
diagnosis but not 1980 diagnosis - see Table 18.13) was 33% (approximate 95%
CI=29-36%), with little variation according to age (see Table 13.4). The intraclass
model gave a similar estimate of 35% (approximate 95% CI=30-41%). Similar
analyses are not possible for Cohort Two.

The crude prevalence of doctor-diagnosed hayfever differed marginally
between the mainland states (χ2

6=13.2, P=0.04), and was lowest in Queensland
(37.5%) and Victoria (37.8%), and highest in the ACT (52.0%) and NT (52.4%).
Seasonal variation in symptoms was reported by 78% of those with a doctor-
diagnosis of hayfever (Figure 18.2). A spring peak was seen in most states, but
was significantly higher in Western Australia, Victoria, New South Wales and ACT
(more temperate in climate, with better defined seasons). The rates in winter were
significantly higher in the northern states (Queensland and the Northern Territory).
In addition, the proportion of twins without seasonal exacerbation was higher in the
Northern states - highest in Queensland (38.2%) and the Northern Territory
(27.3%), and lowest in the ACT (10%) and South Australia (14%).

I have also performed a logistic regression analysis looking at symptoms of
hayfever. The symptom best predicting a doctor-diagnosis of hayfever was itchy
eyes, followed by nasal congestion (Table 18.14) - the former is known to be quite
specific for allergic rhinitis.

Figure 18.2 Seasonal exacerbation of rhinitis symptoms in the different
Australian states.
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Table 18.13 Report of doctor-diagnosed hayfever (Q3) versus response to item on
hayfever in 1980 (Q1) in twins from Cohort One.

Response
Q3

Response to 1980 questionnaire

Missing
1980

No Only as a
child

Occasionally Frequently

Yes 41 (25%)* 144 (17%) 25 (45%) 184 (82%) 421 (82%)

No 122 679 31 223 94

No Info 687 3499 75 769 622

* Number (Percent of nonmissing responses).

Table 18.14 Adjusted odds ratios for various symptoms (Q3) associated with a
doctor diagnosis of hayfever. This combination correctly predicted 72% of
cases/noncases.

Symptom Odds
Ratio*

95% CI

Sneeze 1.4 (1.2-1.7)

Runny nose 1.2 (1.0-1.4)

Congested nose 1.5 (1.3-1.8)

Itchy nose 1.2 (1.0-1.4)

Itchy eyes 1.8 (1.6-2.1)

* For adjacent categories of the four point scale "Never", "Occas", "Freq",
"Always".
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18.1.4 Eczema : Eczema (Item 30) was reported by 777 individuals, of
whom 220 described the condition as moderate or severe. I have concentrated on
infantile eczema (Item 31), because as noted earlier, this is far more likely to be
atopic in nature. Infantile eczema (before age two years) was reported by 355 of
the twins (with a slight female excess OR=1.2, 95%CI=0.9-1.5). Only one third of
twins reporting current eczema also reported infantile eczema. In Cohort One, this
suggested an overall cumulative incidence of 8.8%. There was a trend of
increasing cumulative incidence by birth cohort (Table 18.15), which was marginally
significant (χ2

1-2=5.1, based on analysis including the three later born birth cohorts
only). These estimates agree well with those reviewed in Section 2.4. By contrast,
the cumulative incidence of current eczema in Cohort One was 21% (95%CI=18.1-
25.2%), which I think is too high.

For Cohort Two, the crude cumulative incidence of infantile eczema in
respondents was 14% (95%CI=10-19%), and adjusting using asthma status on the
1989 questionnaire (Q2) increased this to 16.7%, but with a much broader
confidence interval (6-27%). These estimates are in keeping with the linear trend
noted in Cohort One.

Table 18.15 Birth cohort specific cumulative incidence for infantile eczema in
Cohort One.

-1920 1921-35 1936-49 1950+

1.7% (0-6.3%)* 4.8% (0.0-10.3%) 8.4% (4.5-12.3%) 10.2% (7.1-13.3%)

* Approximate 95% CI derived by doubling the interval estimated ignoring
relatedness of twins. Only one twin born before 1920 reported infantile eczema on
the Q3.

18.1.5 Consistency of reporting

18.1.5.1 "Ever" asthma/wheeze : Of the 1494 Cohort One probands, there
were 250 individuals (17%) who replied negatively to the asthma/wheeze item on
Q3 (Table 18.16). The crude agreement for the upper fourfold table was κ=0.63
(95%CI=0.59-0.66). As before, this marginal table must be interpreted bearing in
mind that sampling is via a proband, so that "unaffected" individuals are at higher
prior risk of asthma/wheeze than a simple population sample. The twins who had
previously denied asthma/wheeze and who now claimed to be affected reported
their first attack of wheezing as prior to 1980 in half of cases, and only sixteen
reported a first attack since 1988. Therefore, most of these are probably not
recently developed cases, but misreported cases.

Anticipating the results described in Chapter 19, 46 of the 250 "confused"
probands subsequently underwent clinical testing, and 25 (54%) at that time
reported a prior history of wheeze. By contrast, of the 160 twins who denied
wheeze on the Q3 and were tested, 35 reported wheeze (22%; OR=4.2,
95%CI=2.0-8.5). Of the nonprobands who responded positively to asthma/wheeze
on the Q3, 27 (75%) out of 36 reiterated this claim at testing.
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Table 18.16 Consistency of reporting of asthma/wheeze in Cohort One
respondents to Q3.

Screening
status

Asthma or wheezing Q3

Yes No No Info

Proband 984 250 260

Unaffected 104 623 5024

Unknown 4 18 349

In Cohort Two there were 783 individuals who reported asthma/wheeze in
1990 ("narrow" probands), of whom 81 individuals (10%) denied such on the Q3
(Table 18.17). Agreement in the individuals where a definite diagnosis was made
on both questionnaires was κ=0.65 (95%CI=0.61-0.70). Only 13 "narrow" probands
who were Q3 asthma/wheeze negative underwent subsequent testing, of whom 6
(46%) replied affirmatively to "ever" wheezing. Again a smaller number (16 out of
72, 22%) of nonprobands reported wheeze at testing, giving an odds ratio versus
"confused" probands of 3.8 - results very consistent with those seen for the Cohort
One twins (Breslow-Day χ2

1=0.01). While reporting was unreliable, it at least was
consistently unreliable in the two cohorts.

Table 18.17 Consistency of reporting of asthma/wheeze in Cohort Two
respondents to Q3.

Screening
status

Asthma or wheezing Q3

Yes No No Info

"Narrow" Proband 540 81 162

Unaffected 98 351 2444

Unknown 68 41 4739

18.1.5.2 Frequency and recency : I examined the association between
time since last episode of wheezing (Item 4), and number of episodes experienced
in the previous two years (Item 7). As expected, there was a strong association
(Kendall τB=0.73, 95%CI=0.70-0.75). Of 1748 respondents, 70 (4.0%) claimed not
to have suffered an attack in the previous two years on Item 4, but then reported
more than one episode in the previous two years on Item 7. In several cases this
was clearly due to the wording of Item 4: twins wrote "Don’t get attacks" or "No
severe attacks for 4 years", but to Item 7 wrote or circled "wheezy" or "mild attack"
in the item instructions. Medication use was of assistance here - a number of
extremely inconsistent responses were from individuals using β-agonist MDI on a
daily basis. Only 10 individuals made the reverse error, and seven of these
reported the last episode as being 13-24 months earlier (a close agreement). This
suggests that Item 7 is a more valid measure of recent severity.
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18.1.6 Measurement model for asthma severity : A further preliminary I
performed was an OLS principal components analysis of age at first attack;
presence of a medical diagnosis; recency of last episode; frequency of wheezing
and nocturnal dyspnoea (breathlessness); number of episodes in previous two
years; the six classes of medications; and the four measures of activity
restriction/exercise induced asthma. All were treated as interval variables. The
first two (out of 16) components explained 50% of the variance, and seemed to be
an asthma severity and an activity restriction factor respectively (Table 18.18). It is
interesting that recalled age at first episode of wheezing has little relationship to
severity.

Table 18.18 Unrotated loadings from principal components analysis of asthma
severity measures from Q3.

Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
"Severity" "Exercise" "Medication" "Age Onset" "Mild"

Age onset 0.00 -0.14 -0.03 0.90* -0.13
Doctor Dx 0.49* 0.14 0.09 -0.32 -0.70*
Recency -0.74 0.35* 0.35* -0.02 -0.02
Eps/month 0.72 -0.37 -0.36 -0.06 0.12
Noct. dysp 0.66 -0.26 -0.22 -0.12 0.15
Eps/2 y. 0.82 -0.30 -0.32 0.00 -0.02
β-ag MDI 0.84 -0.20 0.05 -0.04 -0.22
β-ag neb 0.63 -0.08 0.39 0.04 -0.01
Theophyl 0.62 -0.14 0.47 0.05 0.09
Ster MDI 0.70 -0.14 0.33 0.10 -0.19
Oral ster 0.53 -0.02 0.44 0.13 0.10
Cromolyn 0.37 -0.10 0.35 -0.28 0.41
Sports 0.68 0.56 -0.13 -0.04 0.09
Running 0.70 0.55 -0.18 -0.00 0.04
Hills 0.69 0.48 -0.14 0.17 0.04
Daily acts. 0.68 0.34 0.03 0.16 0.15

* Bolding denotes a loading explaining more than 10% of the variance.
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18.2 Phenotypic associations

18.2.1 Precipitating factors of wheezing : I have examined the various
environmental factors reported by twins to provoke wheezing using principal
components analysis of Item 12. Table 18.19 shows the results of OLS analysis -
three factors were selected via the scree plot, where variables were scored as
"Never"=1 to "Always"=4. Using optimal (monotonic) scaling of the variables [SAS
1991], revealed that the OLS approach was not seriously misleading (Table 18.20).
The components extracted seemed to represent a general allergy factor with the
highest loading for house dust, one for symptoms exacerbated by cold or wet
weather (possibly mediated by RTI), and a third group specific to animals.

Looking at seasonal exacerbation in doctor-diagnosed asthma found that
twins reported that the worst months were in winter and spring with a peak in
November (Figure 18.3). One third reported no seasonal exacerbation. There
were no consistent differences between states, as was the case for hayfever.

Figure 18.3 Seasonal exacerbation of wheezing in twins reporting doctor-
diagnosed asthma.
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Table 18.19 Varimax rotated loadings from principal components analysis of
asthma precipitating factors from Q3.

Variable Factor 1 Factor 2 Factor 3

"Dust "Weather" "Animals"
Allergy"

Rain 0.10 0.82* 0.08
Thunderstorms 0.01 0.71 0.05
Cold weather 0.23 0.66 0.11
Cats 0.27 0.03 0.73*
Dogs 0.19 0.06 0.84
Other Animals 0.12 0.12 0.82
Dust 0.80* 0.10 0.19
Vacuuming 0.62 0.13 0.17
Making bed 0.75 -0.02 0.08
Exercise 0.46 0.42 0.03
Chest colds 0.39 0.50 -0.00
Feathers 0.58 0.09 0.37
Flowering plants 0.57 0.16 0.27
Cigarette 0.53 0.35 0.12
Fumes 0.50 0.27 0.07
Food/Drink 0.41 0.17 0.14

* Bolding denotes a loading explaining more than 10% of the variance.
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Table 18.20 Varimax rotated loadings from optimally scaled principal components
analysis of asthma precipitating factors from Q3 using SAS PROC PRINQUAL (set
to produce 3 components explaining all of the variance).

Variable Factor 1 Factor 2 Factor 3

Rain 0.07 0.99 0.07
Thunderstorms 0.13 0.99 -0.07
Cold weather -0.08 0.99 0.09
Cats 0.18 -0.34 0.92
Dogs -0.01 0.19 0.98
Other Animals -0.18 0.12 0.98
Dust 0.97 -0.18 0.16
Vacuuming 0.98 -0.11 0.18
Making bed 0.82 0.56 -0.04
Exercise 0.72 0.28 -0.63
Chest colds 0.77 0.16 -0.62
Feathers 0.71 0.41 -0.57
Flowering plants 0.65 0.48 -0.59
Cigarette 0.98 0.01 -0.20
Fumes 0.69 0.46 -0.55
Food/Drink 0.12 0.93 -0.35

* Bolding denotes a loading explaining more than 10% of the variance.

18.2.2 Handedness and atopy : A response to all eight handedness items
was recorded for 2989 respondents. All the items were highly intercorrelated, and
only a single factor could be extracted from exploratory factor analysis treating the
variables as interval (1=Left, 2=Either, 3=Right). The highest loading was for
reported hand in which a hammer is held. The Cronbach alpha for the sum of the
eight items so coded was 0.96. Purely right handed individuals (sum=24) made up
61% of the sample, and pure sinistrals (sum=8) 6%. Although the proportion of
twins writing with the left hand increased from 6% of those born in the 1920’s to
14% of those born in the 1970’s, no such effect was seen for the "hammer hand".
There was no association between handedness and the self-reported diagnoses of
recent wheeze (mean handedness score: wheeze in last twelve months, 21.80;
wheeze less recently, 21.75; never wheezed, 21.77; Kruskal-Wallis P=0.72), doctor-
diagnosed asthma (positive 21.85; negative, 21.73; Wilcoxon P=0.61) or hayfever
(present, 21.70; absent, 21.82; Wilcoxon P=0.20). I conclude that there is no
support in this sample for the hypothesised association between atopy and left
handedness.

18.3 Twin-cotwin control studies

A number of childhood environmental exposures measured on the
questionnaire such as pet ownership or exposure to parental sidestream smoke are
shared by both members of a twinship. In MZ twins (Table 18.21), adult hayfever
was significantly associated with ever wheeze, as was childhood but not adult
eczema. A history of frequent colds and chest trouble as a child was
unsurprisingly associated with wheeze. In same-sex DZ twins (Table 18.22), adult
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eczema was a strong correlate, in addition to the same variables found in the MZ
twins. The MZ/DZ differences were significant for hayfever (MZ/DZ ratio=2.0,
95%CI=1.0-3.8), and adult eczema (ratio=1.9, 95%CI=1.1-3.5), suggesting that
genetic correlations were present. This was not the case for childhood eczema.
There were no significant sex interactions. My interpretation is that the association
between hayfever and asthma is both genetic and environmental, as was found in
Chapter 15; that for adult eczema purely genetic; while infantile eczema is possibly
only environmental - though the broad confidence intervals mean that a pattern
similar to that seen for hayfever could easily be present.

323



Table 18.21 Univariate MZ cotwin-control analyses for selected covariables of
"ever" wheeze.

Trait +-* -+ OR 95% CI

Tonsillectomy 22 19 1.1 0.5-2.1

Hayfever 83 32 2.6 1.7-4.0

Adult eczema 50 41 1.2 0.8-1.8

Infantile eczema 18 7 2.6 1.1-6.2

Chest trouble <2 y.o. 29 7 4.1 1.8-11.2

Chest trouble 3-15 y.o. 65 18 3.6 2.1-6.5

* Wheezy twin first in each pair, so +- denotes pairs where the wheezy twin
expressed the covariate trait, but the nonwheezy twin did not.

Table 18.22 Univariate DZ same-sex cotwin-control analyses for selected
covariables of "ever" wheeze.

Trait +-* -+ OR 95% CI

Tonsillectomy 38 37 1.0 0.6-1.7

Hayfever 103 20 5.1 3.2-8.8

Adult eczema 66 28 2.4 1.5-3.8

Infantile eczema 37 11 3.4 1.7-7.3

Chest trouble <2 y.o. 47 12 3.9 2.0-8.1

Chest trouble 3-15 y.o. 79 22 3.6 2.2-6.0

* Wheezy twin first in each pair, so +- denotes pairs where the wheezy twin
expressed the covariate trait, but the nonwheezy twin did not.

18.4 Genetic analysis of individual data

18.4.1 Cohort One Phi models : The results of modelling of twin
concordance for a doctor diagnosis of asthma agreed with those of the screening
items. The tables for these analyses were constructed assuming as before that
doctor diagnosed asthma in screen negative twins had developed since 1988 (so
these individuals were treated as unaffected), and that Q3 data was missing at
random with respect to asthma. I have already presented evidence supporting the
latter supposition. The Phi models were fitted to data stratified by zygosity (5
groups), and three age bands (those born 1920-39, 1940-59, 1960-79). For these
analyses, the proportion of Q3 responses in each stratum was used to weight the
number of concordant screen-negative pairs (Table 18.23).

A parsimonious log-linear model (fitting to three value tables - concordant
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unaffected, discordant, concordant affected - in the case of the same-sex pairs, but
differentiating the sexes in the opposite-sex pairs, overall model fit χ2

14=21.9,
P=0.08, AIC=-6.1) contained terms for interactions between zygosity and
prevalence (χ2

2=23.7, P=0.00), and sex and prevalence (χ2
2=6.1, P=0.05). Cohort

and prevalence were slightly correlated (χ2
4=9.22, P=0.06). There were highly

significant twin correlations, and zygosity differences in correlation.
The preferred Phi model contained cohort and "sex" but not zygosity effects

on prevalence, and additive and dominance components of covariation (Table
18.24-18.25). Models fitting a sex effect on prevalence failed badly for the
opposite-sex pairs (as within this group, the male-female difference ran in the
opposite direction from the between-like-sex group differences). The sex by
prevalence terms fitted then included a male intercept, and a combined female
same-sex and opposite-sex pair term. The base prevalence (males born 1920-39)
was 0.08, the increment for those born since 1940 (since the prevalence in the last
two birth cohorts could be equated) was 0.04, and the female/opposite-sex
increment 0.03. The additive variance went to a lower bound of zero (profile
likelihood based 95%CI=0.0-0.022), and the dominance component was estimated
as 0.036 (0.011-0.045). When a similar model was fitted to the same data but
excluding the estimated numbers of unaffected concordant pairs (χ2

15=24.6,
P=0.06, AIC=-5.4), the prevalence estimate was 0.07 (no sex or cohort effects
fitted, 95%CI=0.00-0.18), the additive variance was 0.003 (0.0-0.025), and the
dominance variance 0.023 (0.0-0.048, lower bound below 0.001).

18.4.2 Cohort Two Phi models : The results of these are inconsistent with
those of Cohort One. The probandwise concordances do not differ greatly from
those seen in Cohort One, but the estimated prevalence of doctor-diagnosed
asthma, under the same assumptions as used earlier, are far lower (Table 18.26).
Using these prevalence figures leads to the most parsimonious genetic model
(Model 4, Table 18.27; Table 18.28) containing a same-sex female prevalence
term, and an additive genetic term. Interestingly, the model excluding the
estimated concordant unaffected numbers is more similar to that arrived for in
Cohort One. The best model here (χ2

3=7.2, P=0.06, AIC=+1.2), estimated the
prevalence of asthma at 0.09 (95% CI=0.0-0.26), σA

2=0.015, σD
2=0.02.
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Table 18.23 Concordances for doctor-diagnosed asthma in Cohort One by birth
cohort and zygosity group. The screen-negative pairs did not receive a Q3, and
are imputed as being concordant for doctor-diagnosed asthma-negative.

Zygosity
Group

Cohort ++ +- -- ? Screen - Sampling
Fraction*

MZ Females

1920-39 7 (45)† 17 24 26 210 0.65

1940-59 40 (44) 100 62 31 443 0.77

1960-79 8 (36) 28 15 8 129 0.86

MZ Males

1920-39 3 (43) 8 4 7 79 0.68

1940-59 12 (46) 28 22 22 245 0.74

1960-79 2 (27) 11 6 11 51 0.63

DZ Females

1920-39 3 (26) 17 10 15 121 0.67

1940-59 10 (23) 68 35 30 271 0.79

1960-79 6 (43) 16 10 11 84 0.74

DZ Males

1920-39 0 (0) 6 4 7 79 0.53

1940-59 2 (12) 30 26 19 114 0.75

1960-79 0 (0) 7 8 8 64 0.65

DZ
Female-Male

1920-39 4 (36) 14 10 14 109 0.67

1940-59 4 (8) 92 41 47 309 0.74

1960-79 1 (8) 33 23 25 126 0.65

* Proportion of pairs that responded to Q3.
† Number of concordant pairs (probandwise concordance).
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Table 18.24 Hierarchical Phi model fitting to Cohort One doctor-diagnosed
asthma.

Model Prevalence
Terms*

Covariance
Terms

χ2 df P AIC

1 - C 86.9 31 0.00 +24.1

2 1920-39, 1940- C 73.0 30 0.00 +13.0

3 1920-39, 1940-, PF C 72.9 29 0.00 +14.9

4 1920-39, 1940-,SSF,
OS

C 65.9 28 0.00 +9.9

5 1920-39, 1940-, SSM C 66.7 29 0.00 +8.7

6 1920-39, 1940-, SSM A 44.6 29 0.02 -11.4

7 1920-39, 1940-, SSM A,D 37.7 28* 0.08 -18.3

8 1920-39, 1940-, SSM AM,AF,DM,DF 35.9 26* 0.09 -16.1

9 1920-39, 1940-, Sex A,D,DZF 34.9 27* 0.14 -19.1

* PF denotes a individual-sex prevalence term, SSF represents a pairwise (common
to both members of a pair) same-sex female term, SSM same-sex male term, and
OS an opposite-sex pair term; C denotes shared environment, A and D additive
and dominance genetic components of variance, AM an individual sex-specific
additive genetic term, and DZF a covariance specific to DZ like-sex female pairs,
possibly induced by self-selection.

* Estimated additive genetic variance at lower bound of zero.
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Table 18.25 Expected values of summary statistics and cellwise goodness-of-fit
(deviates are approximately normally distributed) under preferred model for Cohort
One (Model 7).

Table Summary statistics under model Freeman-Tukey deviates

Cum I Cov Phi Odds
Ratio

Rec.
Risk

++ +- -+ --

MZ*
Females

.10 .0357 .39 12.0 .45 -.5 -.6 -.6 +.5

.14 .0357 .30 5.9 .40 +1.7 +.6 +.6 -.8

.14 .0357 .30 5.9 .40 -.3 +.1 +.1 +.1

MZ
Males

.08 .0357 .48 25.2 .52 +.2 +.8 +.8 -.3

.12 .0357 .34 8.7 .42 +.1 -.6 -.6 +.4

.12 .0357 .34 8.7 .42 -.6 +.6 +.6 -.1

DZ
Females

.10 .0089 .10 2.3 .19 +.6 -.2 -.2 +.1

.14 .0089 .07 1.7 .20 +.3 -.4 -.4 +.3

.14 .0089 .07 1.7 .20 +1.7 -.7 -.7 +.2

DZ
Males

.08 .0089 .12 3.1 .19 -.7 +.8 +.8 -.3

.12 .0089 .09 2.0 .19 -.6 +.4 +.4 -.1

.12 .0089 .09 2.0 .19 -1.5 -.8 -.8 +.8

DZ
Female-
Male

.10 .0089 .10 2.3 .19 +1.2 -1.2 +.3 +.1

.14 .0089 .07 1.7 .20 -2.3 +.0 +1.5 -.2

.14 .0089 .07 1.7 .20 -1.7 -.6 -1.1 +.1

* The three rows are the expected results for the three birth cohorts - 1920-39,
1940-49, 1960-.
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Table 18.26 Concordances for doctor-diagnosed asthma in Cohort Two by birth
cohort and zygosity group. The screen-negative pairs did not receive a Q3, and
are imputed as being concordant doctor-diagnosed asthma-negative.

Zygosity Group ++ +- -- ? Screen - Sampling
Fraction

MZ Females 27 (44) 69 44 31 735 0.82

MZ Males 17 (57) 26 27 30 670 0.70

DZ Females 14 (33) 58 48 35 588 0.77

DZ Males 4 (19) 35 23 32 610 0.67

DZ Female-Male 6 (15) 67 48 38 907 0.74

* Number of concordant pairs (probandwise concordance).

Table 18.27 Hierarchical model fitting Phi models to Cohort Two doctor-diagnosed
asthma.

Model Prevalence
Terms

Covariance
Terms

χ2 df P AIC

1 - C 38.6 9 0.00 +20.6

2 PF C 33.1 8 0.00 +17.1

3 SSF C 29.0 8 0.00 +13.0

4 SSF A 10.9 8 0.20 -5.1

5 SSF A D 9.6 7* 0.16 -4.4

6 SSF AM AF 10.6 7 0.02 -3.4

7 SSF AM AF DM DF 6.8 5* 0.02 -3.2

* Some estimates at lower bound of zero.
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Table 18.28 Expected values of summary statistics and cellwise goodness-of-fit
(deviates are approximately normally distributed) under preferred model for Cohort
Two (Model 4).

Cum I Cov Phi Odds
Ratio

Rec.
Risk

++ +- -+ --

.07 .0249 .36 13.6 .41 +0.9 +0.3 +0.3 -0.3

.05 .0249 .49 38.8 .52 +0.6 -0.2 -0.2 +0.0

.07 .0125 .18 4.8 .24 +1.1 -0.6 -0.6 +0.2

.05 .0125 .25 9.6 .29 -1.2 -0.1 -0.1 +0.2

.05 .0125 .225 9.6 .29 -2.0 -0.2 +1.4 +0.0

18.5 Bivariate survival analysis

18.5.1 Conditional analyses : I have used nonparametric, semi-parametric
(Cox proportional hazards models), and parametric (gamma and log-normal
baseline regression) analyses to examine age at onset of wheezing and doctor-
diagnosed asthma in cotwins of an affected proband.

MZ cotwins were Figure 18.4 Cumulative incidence of wheezing (top
curve of each pair) and doctor diagnosed asthma
(bottom curve) in MZ and DZ cotwins of wheezing
and asthmatic probands.

significantly more likely to
succumb to wheezing than
DZ cotwins - Figure 18.4. In
the figure, Kaplan-Meier
derived survival curves have
been produced with
concordant affected pairs
double entered. In a Cox
proportional hazards
analyses including year of
birth, zygosity, age at onset
of wheezing in the proband,
and a zygosity by onset
interaction, only zygosity
and year of birth were
significant predictors (Table
18.28). Different results
were obtained for the
Wilcoxon and log-rank tests
for the same covariates, where the zygosity by proband age-at-onset interaction
term was also significant (Table 18.29 and 18.30). These analyses have been
performed conditioning on one proband per twin pair. For double entered data, the
parameter estimates for the Cox models were very similar (year of birth, 1.04;
proband age-at-onset, 1.00; zygosity, 2.68; interaction, 0.99), as they were also for
models where the analyses were stratified on period of birth.
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Table 18.29 Relative risks for covariates and zygosity from Cox proportional
hazards models of doctor-diagnosed asthma and wheezing in twins (SAS PROC
PHREG).

Model term
Doctor-diagnosed asthma Wheezing

RR 95%CI RR 95%CI

Year of birth 1.04 1.02-1.05 1.04 1.03-1.05

Age-at-onset in proband 1.00 0.98-1.02 1.00 0.98-1.01

Zygosity (MZ v DZ) 3.29 2.12-5.12 2.92 2.07-4.11

Zygosity × onset 0.98 0.96-1.01 0.99 0.97-1.01

Table 18.30 Forward stepwise Wilcoxon and logrank tests for covariates and
zygosity for wheezing in twins (SAS PROC LIFETEST).

Model term
(in order of entry)

Stepwise χ2
1

Logrank test
P value Stepwise χ2

1

Wilcoxon test
P value

Zygosity (MZ v DZ) 61.7 0.00 60.3 0.00

Year of birth 54.4 0.00 57.8 0.00

Zygosity × onset 8.9 0.00 11.4 0.00

Age-at-onset in proband 0.1 0.76 0.01 0.93

331



19 FIELD PHASE OF STUDY

19.1 Descriptive data

A total of 863 subjects took part in the testing protocol (Tables 19.1-19.3).
Mean age was 36.4 years, and age ranged from 19 to 76 years. Two-thirds (64%)
of the sample were women. About one-third resided in the Melbourne area. The
group contained 419 complete twin pairs.

There were 375 individuals who had suffered wheezing in the year prior to
testing of whom two-thirds exhibited bronchial hyperresponsiveness at the time of
testing, and the same proportion (though not of course the same individuals)
sensitised to D pter.

In addition, 50 individuals who were probands - that is had reported
wheezing at some time in their life on one of the screening questionnaires, denied
such a history at the time of testing. In Tables 19.4 and 19.5, it can be seen that
they exhibit greater levels of bronchial hyperresponsiveness and atopy than twins
who had screened negatively consistently. This suggests that significant episodes
of asthma or wheezing had been forgotten. Therefore, for many analyses these
subjects will not be treated any differently from probands who, for example, recall
only mild episodes of wheezing in childhood.

The appropriate base population for estimating cooperation rate for this part
of the study is a little vague, in that some subjects living outside the immediate
metropolitan areas expressed a willingness to drive for some hours in order to take
part. Of the 684 pairs where both members lived within a major city (defined by
postcode region) and had returned the Q3, 316 pairs (46%) took part. A further 65
pairs where only one member fell within a metropolitan region (out of 376 pairs -
17%), and 30 pairs where both lived outside the city (of 408 pairs - 7%), also
completed testing. Ten additional pairs where only one (or in one case neither)
ever completed the Q3 were also recruited into this phase. It should be noted that
we actually turned away some pairs due to time constraints.
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Table 19.1 Zygosity and sex breakdown of twins taking part in clinical phase of
study.

Zygosity Group Individuals Pairs

MZ Females 274 (32)* 134 (32)

MZ Males 118 (14) 58 (14)

DZ Females 175 (20) 84 (20)

DZ Males 92 (11) 44 (11)

DZ Opposite-sex 204 (23) 99 (23)

TOTAL 863 (100) 419 (100)

* Number (percent).

Table 19.2 Number of individuals seen in each state and mean seen per day of
testing during the clinical phase of the study.

Venue
Period of testing

1992
Total Number

seen
Mean per day

(range)

Brisbane Multiple 116 2.8 (1-8)

Sydney Visit 1 23 May - 15 Jun 104 5.8 (1-16)

Sydney Visit 2 24 Nov - 7 Dec 54 7.8 (6-12)

Melbourne Visit 1 10 Aug - 30 Aug 202 10.6 (3-18)

Melbourne Visit 2 3 Nov - 24 Nov 186 9.8 (2-21)

Adelaide 27 Sep - 10 Oct 88 8 (2-15)

Perth 10 Oct - 21 Oct 80 10 (4-16)

Canberra 7 Dec - 12 Dec 33 11 (7-15)
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Table 19.3 Characteristics of 863 twins taking part in clinical phase of study.

Descriptive
Variable

Frequency of reported wheeze at time of testing

In last
week

In last
year

Less
recently

Never

Male Sex (N) 26% (47) 35% (68) 41% (89) 39% (106)

Median Age (range) 33 (19-76) 32 (21-70) 35 (21-75) 33 (20-76)

Current smoker* (N) 28% (51) 21% (42) 24% (51) 21% (56)

PD20 ≤ 7.8 µmol HIS (N) 69% (123) 66% (129) 41% (90) 24% (64)

Geometric mean sIgE 107 IU/ml 85 IU/ml 69 IU/ml 41 IU/ml

Positive† SPT Ryegrass (N) 45% (81) 54% (106) 51% (110) 30% (81)

Positive SPT D pter (N) 66% (119) 71% (139) 64% (139) 44% (120)

Positive SPT Cockroach (N) 31% (56) 34% (66) 27% (58) 21% (56)

Positive SPT Cat (N) 47% (84) 46% (91) 33% (71) 20% (53)

Total Number of Subjects 179 196 217 271

* Current at time of screening questionnaire
† Mean skin wheal diameter 3 mm or more greater than control.
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Table 19.4 Characteristics of 50 twins taking part in clinical phase of study who
denied a history of wheeze despite previously reporting such a history on a mailed
questionnaire.

Descriptive Variable Percent or Value

Male Sex (N) 36.0 (18)

Median Age (range) 33 (22-65)

Current smoker* (N) 26.0 (13)

PD20 ≤ 7.8 µmol HIS (N) 34.0 (17)

Geometric mean sIgE 53.0 IU/ml

Positive† SPT Ryegrass (N) 34.0 (17)

Positive SPT D pter (N) 50.0 (25)

Positive SPT Cockroach (N) 24.0 (12)

Positive SPT Cat (N) 22.0 (11)

Total Number of Subjects 50

* Current at time of screening questionnaire
† Mean skin wheal diameter 3 mm or more greater than control.

Table 19.5 Q3 responses in probands who denied wheezing at time of testing
versus bronchial hyperresponsiveness (OR=2.0,0.6-6.9).

Q3 BHR+ Total*

Wheeze + 8 (40.0%) 20 (42%)

Wheeze - 7 (25.0%) 28 (58%)

* Two subjects taking part in the clinical study did not return a Q3.
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19.1.1 Interstate differences : I have examined the association between
state of residence and a number of characteristics of the asthmatics tested
(probands). In Table 19.6, only one member from each pair (the first born if both
are affected) has been selected if he/she reported wheeze on the screening
questionnaire, and confirmed this at the time of testing (reducing the number
eligible from 443 to 388). The asthmatics from Queensland tended to be older, to
have experienced wheezing more recently, have a higher total serum IgE level, and
were less likely to have been sensitised to Alternaria or rye grass. Only the
geographical differences in allergic sensitisation (and age) were significant at
α=0.05. Adjusting for sex, age and recency of symptoms did not alter these
conclusions.

19.1.2 Covariates of sIgE in asthmatics : I have performed analyses
restricted to one asthmatic (that is a proband who confirmed they had suffered
wheeze at any time in their life) per twin pair. In 355 individuals with complete
information, total sIgE was negatively correlated with age and with female sex. It
was positively correlated with recency of wheeze, and positive skin prick test
results, and uncorrelated with zygosity, smoking or state of residence. When I
performed generalised linear modelling of log sIgE to assess the relative
importance of these factors (Table 19.7), the largest effect seems to be that
associated with sensitisation to house dust mite (overall R2=0.38). Once
sensitisation to various allergens was partialled out, sex was not a significant
covariate.
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Table 19.6 Association between state of residence and characteristics of
asthmatics.

Factor Qld NSW ACT Vic SA WA P*

Male sex (%) 27.8 43.3 50.0 33.1 33.3 37.8 .39

Wheezed in last 7 d (%) 40.4 32.3 18.7 36.1 22.2 32.4 .08

PD20≤7.8 µmol HIS (%) 57.4 56.7 75.0 70.0 60.0 56.8 .83

Monozygotic twin (%) 54.7 44.8 43.7 43.2 53.3 50.0 .68

Cockroach SPT+ (%) 25.9 43.3 12.5 32.0 22.2 24.3 .06

Rye grass SPT+ (%) 24.1 52.2 56.3 54.4 62.2 40.5 .001

House D. SPT+ (%) 53.7 67.2 50.0 60.4 40.0 62.2 .08

Alternaria SPT+ (%) 22.2 35.8 25.0 29.6 51.1 27.0 .04

Geometric mean sIgE 83.1 68.7 42.3 65.1 74.5 80.2 .56

Median age 40 34 26 35 32 29 .006

Number of asthmatics 54 67 16 169 45 37

* P-value for Pearson contingency χ2 for categorical variables and Kruskal-Wallis
(age) or F-test (log sIgE) for continuous variables.
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Table 19.7 Least-squares adjusted geometric mean total sIgE (IU/ml) for covariate
levels with 95% confidence interval and F-test for difference between levels.
Adjusted for all variables listed and age.

Factor Yes No P (F-test)

Male Sex 104 93 0.41

(84-128) (79-111)

Wheezed in last 7 d 126 84* 0.01

(101-157) (67-104)

Positive SPT Cockroach 130 74 0.0001

(103-164) (63-88)

Positive SPT Rye grass 128 75 0.0002

(107-155) (61-94)

Positive SPT House Dust 155 63 0.0001

(129-185) (49-80)

Positive SPT Alternaria 116 84 0.03

(92-149) (70-100)

Positive SPT Cat 104 93 0.48

(83-131) (76-113)

* Not wheezed in the last twelve months. For those who had wheezed between
one week and one year ago, the geometric mean was 91 IU/ml.

19.1.3 Bronchial responsiveness in asthmatics : In a similar fashion, I
have examined histamine dose-response slope. A Box-Cox regression in GLIM
found that the optimum transformation of dose-response slope was DRS-1/4, with
the support interval for λ running from -0.2 to -0.35. The results from using an
inverse cube root transformation did not differ significantly, but those from the log
transformation did. The only significant predictors of inverse fourth root
transformed dose-response slope were log total sIgE, a history of wheeze in the
previous twelve months, and a positive skin prick test for house dust (R2=0.2). The
strongest predictor was total sIgE, with a correlation of -0.34. There were no
interactions:

DRS-1/4= 0.8905 (0.0349) - 0.08054 (0.0233) {House Dust SPT}
- 0.09121 (0.0214) {Recent Wheeze} - 0.03147 (0.0082) {log

sIgE}.

If recency of wheeze was excluded as a predictor, this had a small effect on
the R2 (reducing it to 0.16), with sex becoming a marginally significant predictor:

DRS-1/4= 0.8808 (0.0381) - 0.0958 (0.0234) {House Dust SPT}
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- 0.0407 (0.0211) {Male Sex} - 0.0350 (0.0084) {log sIgE}.

Entry of skin prick test wheal size as a continuous variable had only a small effect
on the results of the analyses (for the last model the R2 increased to only 0.17).

19.1.4 Skin test results in asthmatics

19.1.4.1 House dust : The distribution of wheal diameters to any given
allergen was bimodal (Figure 19.1), and strongly suggestive of a mixture of
nonresponders - no wheal, and responders - where wheal diameter was normally
distributed. The size of the nonresponder group excluded representing the sample
as a single censored normal (the lower tail would be too long). Fitting of mixtures
of normals to wheal diameter to mixed house dust extract under the assumption of
common variance (the variance of the nonresponder group otherwise going to zero)
using Applied Statistics algorithm AS203 gave,

One distribution: µ=2.9, σ=2.2, -LLik=615.6,
Two distributions: µ1=0.5 (37%), µ2=4.3 (63%), σ=1.1, -LLik=561.0,
Three distributions: µ1=0.3 (35%), µ2=3.9 (55%), µ3=6.1 (11%), σ=0.9,
-LLik=538.9.

The two distribution model fits significantly better than the one distribution
model, the simulated 99th percentile LR χ2 for N=500 being 9.63 [Thode et al
1988]. Twice the two versus three distribution likelihood difference gives 44.2 for
the addition of two parameters (mean and mixing proportion), which may also be a
significant improvement, but would require bootstrapping to confirm this. These
might suggest useful cutpoints for an ordinal classification of this response as 0-2,
2.5-5, 5.5-.

The most likely cause of a response to house dust mixture in an Australian
asthmatic would be sensitisation to D pter. Of the 107 asthmatics with no
response to D pter (no wheal), 22 responded to house dust, and in 11 of these, the
wheal diameter was 3 mm or greater in diameter. Of the 22, 16 (73%) exhibited a
response to cat, and 10 of these were 3 mm or greater. The presence of cat
allergens in house dust has been well documented even in buildings where a cat
has not been present for months to years, so this may be one cause of a non mite
allergen mediated response to house dust. This does not explain the reverse
finding that 47 out of the 132 subjects not responding to house dust did develop a
wheal to D pter - this is more likely to be a dose effect. Evidence for this is the
greater mean wheal size seen for D pter compared to house dust mix - the linear
regression of D pter on house dust was,

{House Dust SPT} = 0.73 (0.11) + 0.43 (0.02) {D pter SPT}.

Critically, only 10 (22%) out of the 47 respond at all to cat allergen testing, and 4 of
these developed a wheal ≥3 mm, differing significantly from those responding to
house dust but not to D pter (P=0.002). This is further evidence that cat
sensitisation may underlie the non-mite mediated response to house dust mixture.
Finally, although wheal size to D pter and house dust mite were negatively
correlated with age, this was to a lesser extent than sIgE, and was not statistically
significant.

19.1.4.2 All allergens : The (rank) correlation matrix for wheal size,
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transformed dose-response slope, and log sIgE is presented below (Table 19.8).
The wheal sizes for the various grasses and moulds are strongly intercorrelated, as
are the "indoor" allergens to a lesser extent. As the results of the regression
analyses above bear out, reactivity to house dust mite was most strongly
associated with sIgE and BHR.

Using OLS principal components analysis of Table 19.8, I extracted two
factors explaining 60% of the variance. The varimax rotation of this solution gave
"outdoor" (34% of variance) and "indoor" (26%) factors, the latter more strongly
associated with bronchial responsiveness and sIgE (Table 19.9). Promax rotation
results in two factors correlated 0.4, with the small cross-loadings reduced to 0.00-
0.10 (with the exception of log sIgE). I should note that such analysis of rank
correlation coefficients is only approximate, but that no serious biases arise. The
analysis including age and sex saw extraction of a third "age" factor with loadings
on age 0.55, IgE 0.27, Cockroach 0.27, D pter 0.21, house dust 0.06 - the loadings
on the first two factors are almost identical to those in Table 19.9.

Figure 19.1 Distribution of house dust mixture and D. pteronyssinus skin test
wheals in asthmatics.
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Table 19.8 Kendall τB correlation matrix (×100) for allergen skin test wheal sizes,
log sIgE and inverse fourth root transformed simplified dose-response slope
(reversed sign). Lines demarcate "indoor" and "outdoor" allergens.

IgE Drs Co DP Hou Cat Dog Can Sou Tim Rye Asp

IgE --

DRS 26 --

Cock 36 20 --

D pter 43 25 36 --

House 42 30 37 63 --

Cat 35 26 30 44 61 --

Dog 32 23 31 40 53 57 --

Can 31 14 22 20 26 30 29 --

Sou 32 14 22 21 26 30 28 81 --

Tim 31 17 21 21 27 29 26 77 82 --

Rye 32 18 23 24 28 30 26 78 79 79 --

Asp 30 18 27 20 27 29 26 65 66 65 67 --

Alt 28 17 28 17 26 28 21 53 53 52 54 63

Table 19.9 Loadings (×100) for the varimax rotated first two components extracted
via ordinary least squares principal components analysis of Table 19.8.

IgE Drs Cock DP Hou Cat Dog Can Sou Tim Rye Asp Alt

"Indoor" 58 46 55 76 83 74 70 17 17 16 19 20 21

"Outdoor" 26 10 17 7 13 19 16 87 89 88 88 80 68

The bimodality of skin test responses and the grouping of these evident in
the principal components analysis suggested that subgroups of asthmatics should
be discernible in the data. One alternative was to perform cluster analysis, but
statistics to test the number of groups are difficult to interpret under nonnormality of
the data. The alternative option was to perform a latent class analysis [Hagenaars
& Luijkx 1990] recoding the variables into categories. In the analysis (Table 19.10-
19.11), I chose four allergens, two from each group (indoor and outdoor - house
dust, cat, rye grass and Alternaria), and scored these in the conventional fashion
as positive if the mean wheal diameter ≥3 mm. Immunoglobulin E levels over 100
IU/ml were taken as high, and BHR was treated as present if the DRS > 2.56
∆FEV1%/µmol histamine (ie PD20≤7.8 µmol/l). Four classes described the data
most parsimoniously. A nonresponsive group made up 27% of the sample, of
whom one-third exhibited BHR, but none were allergic. A generally responsive
group made up 32% of the sample. All of these subjects were sensitised to house
dust mixture, 86% had an elevated sIgE, and 80% were bronchially
hyperresponsive. The other two groups were sensitised to the indoor allergens and
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the outdoor allergens respectively, with sensitisation to perennial ryegrass and
Alternaria but not house dust or cat being associated with BHR in 50% of cases.

Table 19.10 Results of latent class analysis for representative skin tests (house
dust mix, Cat, Rye grass, Alternaria mix), sIgE and BHR as binary variables. Skin
tests scored positive if wheal diameter≥3 mm, sIgE if greater than 100 IU/ml, and
BHR if PD20≥7.8 µmol/l.

Latent
classes χ2 df

Difference
χ2 (7 df) AIC

2 145.9 50 -- +45.9

3 101.8 43 44.1 +15.8

4 43.6 36 58.2 -28.4

5 34.1 29 9.5 -23.9
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Table 19.11 Parameter estimates (×100) for four class latent class analysis for
representative skin tests (house dust mix, Cat, Rye grass, Alternaria mix), sIgE and
BHR as binary variables.

Class
Membership

House
Dust Cat

Rye
Grass Alternaria

Elevated
IgE BHR

32 98 87 87 66 86 79

24 90 58 27 0 48 68

16 19 8 88 62 30 49

27 2 0 0 3 10 35

19.1.5 Age at onset and clinical indices : These analyses confirm that an
early onset of wheezing is a marker for atopy. The quartiles for age at first episode
in this set of asthmatics were 4,12, and 25 years, so I have divided the group into
5 years old and under, 6-15, 16-25, and over 25 year olds. In regression including
current age, age squared, and sex, the total sIgE for the groups differed
significantly (geometric means 126, 131, 75 and 55 IU/ml), but this was abolished
on addition of skin prick tests to the covariates.

19.1.6 Results of zygosity testing : Of 131 like-sex pairs who reported
themselves to be DZ and who had DNA available, five (3.8%) were concordant at
the 11 loci, with a probability of monozygosity of over 0.9999. None of the 198
testable self-reported MZ twins were found to be DZ. This means self-reported
monozygosity has a sensitivity of 0.98 (exact 95%CI=0.94-0.99), and a specificity of
1.00 (0.97-1.00) in this sample of twins.

19.2 Twin-cotwin control analyses

For these analyses I have used only the same-sex pairs of twins discordant
for three measures of differing inclusiveness of the binary trait of interest. I chose
groups of pairs where (1) one twin reported a history of ever wheezing and the
other denied such (Ever wheeze group - Table 19.12); (2) one twin reported
wheeze in the twelve months prior to testing and the other denied ever wheezing
(Recent wheeze group); and (3) one twin reported ever wheezing and exhibited
bronchial hyperresponsiveness on HCT while the second twin denied ever
wheezing and exhibited normal responsiveness to histamine (Confirmed asthma
group). Since twins have reported on symptoms on two or three occasions, I have
taken a history of wheeze as present if reported on two occasions, including at time
of testing, and absent if denied on all occasions.

The analyses I have performed include t-tests and signed rank tests of the
significance of the intrapair differences in the independent variables (covariables),
and of the difference between intrapair differences observed in the MZ and DZ
same-sex twin groups. In the case of log transformed sIgE, this is equivalent to
testing the ratio of sIgE within the discordant pairs. In MZ twins, multivariate
stepwise conditional logistic regression was also performed, examining interaction
between covariables, and producing odds ratios as a summary of association size.

As noted earlier, the size of the intrapair difference of a variable in a twin
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pair discordant for a given trait is a measure of the correlation between the primary
trait and the covariable, that allows for the ascertainment of the sample used in this
case. In the case of asthma, where environmental and genetic determinants are
roughly of equal importance, a greater DZ than MZ difference suggests that genes
explain more of the correlation between the covariable and asthma than
environment does; a greater MZ than DZ difference, a preponderance of
environmentally mediated covariation.

19.2.1 Results : There were 124 same-sex sets of twins discordant for ever
wheeze (as reported at time of testing), 94 pairs discordant for wheeze in the
previous twelve months, and 78 pairs discordant for confirmed asthma (wheezing
plus current bronchial hyperresponsiveness). Among the 62 discordant ever
wheeze MZ pairs (Table 19.13), significant differences were noted for domestic
aeroallergens such as D. pter, house dust mixture, cockroach, cat and dog
hair/epithelia. Total serum IgE level only weakly differed between the affected and
unaffected twin. Neither the grass pollens
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Table 19.12 Characteristics of 124 (ever wheezed) probands for wheezing-
discordant pairs.

Descriptive Variable MZ Female MZ Male DZ Female DZ Male

Median Age (range) 33.5 (21-66) 34 (21-76) 34 (22-75) 33 (23-50)

Current Smoker* 23% 20% 24% 27%

PD20 ≥ 7.8 µmol HIS 50% 53% 72% 56%

Geometric mean sIgE 63 IU/ml 74 IU/ml 59 IU/ml 140 IU/ml

Positive† SPT Rye Grass 44% 33% 44% 59%

Positive SPT D. pter 60% 73% 61% 81%

Positive SPT Cockroach 17% 40% 31% 30%

Positive SPT Cat 33% 40% 50% 48%

Total Number of Subjects 47 15 35 27

* Current at time of screening questionnaire
† Mean skin wheal diameter 3 mm or more greater than control.

nor fungi significantly differed - this was also true for biochemical markers such as
serum ACE, α-1-AT, and haptoglobin levels.

In the 62 discordant DZ twin sets, the indoor allergens were significant
associates of wheezing, and wheal sizes tended to be larger than those observed
in the MZ twins, though not statistically significantly so. The fungal and grass
allergen wheals were much larger than those of the MZ twins, and the MZ-DZ
difference was highly significant. Although the Wilcoxon pair-difference test of the
MZ-DZ sIgE difference was not significant, the t-test of the difference for log
transformed sIgE was (t=2.37, P=0.020).

Tightening the definition of affected to recent wheeze led to a very similar
pattern of responses in 48 pairs of MZ and 46 pairs of DZ twins, with a net
increase in the size of the intrapair differences for most variables (Table 19.14).
The smallest group for comparisons was those twins discordant for BHR and a
history of wheeze (Table 19.15). For the discordant MZ twins (36
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Table 19.13 Differences in value of covariates in MZ and DZ twins discordant for
ever wheezed. First twin listed reported a history of wheeze, while the second twin
denied ever wheezing. There were 48-62 MZ pairs where both values were
present, and 52-62 DZ pairs.

Trait MZ
Mean

Difference
DMZ

P-value
Wilcoxon

test
DMZ = 0

DZ
Mean

Difference
DDZ

P-value
Wilcoxon

test
DDZ = 0

P-value
Wilcoxon

test
DMZ = DDZ

Alternaria +0.13 mm 0.66 +1.17 mm 0.001 0.020

Aspergillus -0.13 mm 0.65 +1.05 mm 0.0004 0.008

Canary Grass +0.07 mm 0.99 +1.77 mm 0.0001 0.015

Per. Ryegrass -0.21 mm 0.85 +1.98 mm 0.0005 0.015

Timothy +0.05 mm 0.66 +2.06 mm 0.0003 0.020

Cat hair/epi +0.81 mm 0.001 +1.57 mm 0.0001 0.066

Cockroach +0.52 mm 0.009 +0.21 mm 0.40 0.76

Dog +0.40 mm 0.04 +0.94 mm 0.0001 0.088

D pter +1.64 mm 0.0002 +1.86 mm 0.002 0.66

House Dust +1.15 mm 0.0001 +2.17 mm 0.0001 0.24

Histamine +0.30 mm 0.06 -0.07 mm 0.78 0.13

α-1-AT -0.05 U/ml 0.88 +0.01 U/ml 0.85 0.90

ACE +5.00 U/ml 0.69 +14.55 U/ml 0.19 0.28

Haptoglobin -0.06 mM 0.65 +0.18 mM 0.06 0.09

IgA -0.00 U/ml 0.89 +0.30 U/ml 0.19 0.35

IgE +7 U/ml 0.016 +96 U/ml 0.003 0.42

Pack Years* +0.53 Pkyr 0.49 +0.92 Pkyr 0.71 0.79

Height -0.29 cm 0.68 -0.8 cm 0.28 0.64
* Approximate pack-years of cigarettes smoked based on duration in years and
average daily use on a six point scale from "Nil" to "Over 40 per day".
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Table 19.14 Differences in value of covariates in MZ and DZ twins discordant for
recent wheeze. First twin reported a history of wheeze in the twelve months prior
to testing. Second twin denied ever wheezing. There were 38-48 MZ pairs where
both values were present, and 35-46 DZ pairs.

Trait MZ
Mean

Difference
DMZ

P-value
Wilcoxon

test
DMZ = 0

DZ
Mean

Difference
DDZ

P-value
Wilcoxon

test
DDZ = 0

P-value
Wilcoxon

test
DMZ = DDZ

Alternaria +0.26 mm 0.36 +1.22 mm 0.0071 0.042

Aspergillus -0.04 mm 0.89 +1.23 mm 0.0017 0.012

Canary Grass +0.11 mm 0.95 +2.12 mm 0.0001 0.0044

Per. Ryegrass -0.01 mm 0.88 +2.34 mm 0.0008 0.0094

Timothy +0.32 mm 0.41 +2.70 mm 0.0002 0.016

Cat hair/epi +0.86 mm 0.0054 +1.97 mm 0.0001 0.035

Cockroach +0.82 mm 0.0006 +0.33 mm 0.27 0.61

Dog +0.50 mm 0.021 +0.90 mm 0.0003 0.41

D pter +2.20 mm 0.0001 +2.65 mm 0.0002 0.50

House Dust +1.59 mm 0.0001 +1.96 mm 0.0001 0.43

Histamine +0.41 mm 0.067 +0.09 mm 0.52 0.41

α-1-AT -0.16 U/ml 0.46 +0.14 U/ml 0.28 0.17

ACE +10.1 U/ml 0.55 +17.33 U/ml 0.22 0.65

Haptoglobin -0.09 mM 0.27 +0.05 mM 0.50 0.20

IgA -0.04 U/ml 0.86 +0.22 U/ml 0.37 0.54

IgE +51 U/ml 0.0049 +115 U/ml 0.0013 0.28

Pack Years* +1.32 0.31 +0.76 Pkyr 0.87

Height +0.21 cm 0.44 -0.48 cm 0.75 0.63
* Approximate pack-years of cigarettes smoked based on duration in years and
average daily use on a six point scale from "Nil" to "Over 40 per day".
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Table 19.15 Differences in value of covariates in MZ and DZ twins discordant for
wheeze associated with bronchial responsiveness. First twin reported a history of
wheeze and exhibited bronchial hyperresponsiveness at time of testing. Second
twin denied wheezing and had normal bronchial responsiveness. There were 29-
36 MZ pairs where both values were present, and 31-42 DZ pairs.

Trait MZ
Mean

Difference
DMZ

P-value
Wilcoxon

test
DMZ = 0

DZ
Mean

Difference
DDZ

P-value
Wilcoxon

test
DDZ = 0

P-value
Wilcoxon

test
DMZ = DDZ

Alternaria +0.54 mm 0.090 +1.44 mm 0.0002 0.23

Aspergillus +0.65 mm 0.037 +1.51 mm 0.0001 0.15

Canary Grass +0.86 mm 0.11 +2.96 mm 0.0001 0.029

Per. Ryegrass +1.08 mm 0.098 +2.95 mm 0.0001 0.057

Timothy +1.05 mm 0.09 +3.50 mm 0.0001 0.037

Cat hair/epi +1.05 mm 0.0021 +2.42 mm 0.0001 0.0047

Cockroach +0.97 mm 0.0026 +0.88 mm 0.016 0.76

Dog +0.79 mm 0.0017 +1.33 mm 0.0001 0.24

D pter +2.97 mm 0.0001 +3.04 mm 0.0001 0.70

House Dust +1.69 mm 0.0002 +2.17 mm 0.0001 0.46

Histamine +0.07 mm 0.81 +0.23 mm 0.22 0.52

α-1-AT -0.23 U/ml 0.026 -0.05 U/ml 0.72 0.41

ACE -3.43 U/ml 0.60 +8.29 U/ml 0.64 0.48

*Haptoglobin +0.01 mM 0.89 +0.09 mM 0.57 0.66

IgA +0.06 U/ml 0.38 +0.51 U/ml 0.03 0.14

IgE +47 U/ml 0.0019 +137 U/ml 0.0003 0.13

Pack Years* -1.12 0.59 +1.94 0.73 0.75

Height -0.64 cm 0.47 -0.4 cm 0.69 0.92
pairs), the largest difference was noted for SPT wheal size for D pter and House
Dust mixtures. Sensitisation to indoor allergens such as cats, dogs, and cockroach
also remained a significant risk factor. Sensitisation to grass pollen was not a
statistically significant factor. The difference between the affected and unaffected
twin for Aspergillus wheal size was large enough to be mildly significant. In the DZ
twins as before, allergic sensitisation to grass pollens was highly significantly
associated with BHR, significantly more so than in the MZ twins. The wheal size
difference for D pter was equal in the MZ and DZ groups, as were those for
cockroach and dog allergens. Although cat sensitisation was a significant predictor
in the MZ twins and DZ twins, a significantly larger wheal diameter difference was
seen in the DZ twins.

In conditional logistic regression in the MZ "ever wheeze" group using all the
skin test results, only house dust mixture could be entered into the model (entry
criterion α=0.15, model χ2

1=17.3, residual χ2
8=3.3). The odds for wheezing
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increased 1.8 (95% confidence limit 1.2-2.5) for every 1 mm increase in house dust
mixture wheal size. If skin reactivity was scored as present (wheal diameter 3 mm
or greater) or absent (diameter under 3 mm), the same regression analysis
included cat and house dust in the final model (modelχ22=11.5; residual χ2

7=3.7;
House Dust Odds Ratio=3.2, 95% confidence interval 1.0-10.0; Cat OR=2.9, 0.8-
10.7). Smoking, in all analyses, whether analysed as approximate pack-years
smoked, quantity smoked daily at time of screening, or smoking on day of testing
was not a significant risk factor.

19.2.2 Conclusions : The nature of the relationship between allergic
sensitisation to specific allergens and asthma can either be: (1) a direct causative
one, with allergen exposure causing asthma in susceptible individuals; or (2) an
indirect one, where the genetically determined atopic diathesis causes both asthma
and expression of sensitisation to ubiquitous aeroallergens. I would interpret the
present results as implying that the first mechanism is important for allergens such
as house dust, cat, and cockroach, and the second for allergens such as the grass
pollens and moulds. This is not to say that appropriate exposure to grass pollen
[Suphioglu et al 1992] and mould [Beaumont et al 1985; O’Hollaren et al 1991] will
not precipitate attacks in predisposed asthmatics, but that they are less important
factors in the development of asthma.

The necessity for adjustment for sensitisation to other allergens in such
analyses arises from correlations between allergens. These may arise from (1) a
common underlying genetic predisposition to allergy; (2) an adjuvant or permissive
effect of sensitisation to one particular allergen - possibly at a critical period of
development of the immune system; (3) sharing of allergic epitopes - such as that
seen in cross-reactivity of grass antigens [Esch & Klapper 1989; Klysner et al
1992]; or (4) occurrence of exposure to a number of allergens in the same
environment - such as house dust mite, mould and cat allergens in house dust.
The latent class analysis suggested it is appropriate to group allergen responses
into indoor - where the latter mechanism may explain the clustering, and outdoor -
where the latter two mechanisms would be of equal importance.

The association between sIgE and asthma as well as bronchial
hyperresponsiveness has been interpreted as evidence that allergic processes
underlie most if not all asthma [Burrows et al 1989; Sears et al 1991]. A significant
difference in sIgE level was observed in the discordant MZ twins, which implies an
environmental or phenotypic (eg physiological) relationship between sIgE and
asthma, while the larger DZ difference suggests genetic covariation is also present.
This mixed picture might have been expected given our conclusions reached about
sensitisation to different types of allergen. That is, specific IgE might be either
raised to an indoor allergen and so environmentally correlated with asthma, or to
the other allergens which are genetically correlated with asthma.

A relationship between serum haptoglobin level has been noted with
bronchial hyperresponsiveness and asthma in several studies [Piessens et al 1984;
Kauffman et al 1991]. In the latter study, serum haptoglobin was decreased in
individuals with a history of wheeze (on repeat occasions), and increased in
smokers, those exhibiting bronchial hyperresponsiveness and those with diminished
FEV1. Such an association with wheezing or asthma was not detected in the
present study. The association between α-1 antitrypsin phenotype (Pi type) and
asthma has also been reported on a number of occasions [Fagerhol & Hauge
1969; Townley et al 1990; Gaillard et al 1992]. Heterozygotes carrying an M or S
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allele have lower levels of α-1-antitrypsin activity, and so one might expect a DZ
but not MZ difference. Again, no such difference was detectable.

I can conclude by saying that the cotwin control design is a powerful
approach to examining the nature of the associations between asthma and risk
factors. For urban asthmatics (possibly an important qualification [Peat et al
1991]), sensitisation to outdoor allergens such as grass pollens is not a risk factor
for disease, but merely a marker of the atopic diathesis, while sensitisation to
house dust mite is most likely to be an intermediate step between allergen
exposure and the development of asthma.

19.3 Nonatopic versus atopic asthma

19.3.1 Nonatopic asthma : There were 50 MZ pairs where a proband
could be said to suffer from nonatopic asthma. The proband was female in 42
cases, twice the male rate (42/134 v. 8/58 - OR=2.8, 95%CI=1.3-7.0), and slightly
older than the average (38.9 years). The probands were defined as twins reporting
a history of wheeze, but with a sIgE under 100 IU/ml, and all skin test wheals less
than 3 mm diameter. In only 15 cases (30%) did the proband exhibit bronchial
hyperresponsiveness, the same number as the cotwins. Half of the cotwins were
atopic (24/50). There were several pairs where the cotwin suffered from atopic
asthma. Overall, BHR was increased in cotwins of probands with BHR, though this
trend was not significant (OR=1.9, 95%CI=0.5 to 6.9), while atopy was if anything
decreased, though again not significantly (OR=0.6, 95%CI=0.2 to 2.1).

The most striking example is one set of 26 year old MZ female twins, both of
whom were hyperresponsive to histamine inhalation. Both reported wheeze in the
previous week, both used regular beta-agonists, and the proband was taking
inhaled steroids. The total sIgE in the proband was 46 IU/ml, and all allergen skin
test wheals were 0 mm in diameter (histamine control 4.5 mm diameter). In the
cotwin, the sIgE was 305 IU/ml, and wheals 4 mm in diameter developed for all the
grasses, 3.5 mm for house dust and 3 mm for cat. Both had developed asthma in
their teens, and both suffered hayfever symptoms, treated with antihistamines.
However the atopic twin reported exacerbation of asthma symptoms by exposure
on animals, dust and pollen, while the nonatopic twin denied this. The skin test
results for the nonatopic twin could have been affected by her use of astemizole for
rhinitis, but this had been last taken "three to four weeks ago", and the positive
SPT control was unaffected. A very similar pattern was seen in another pair of
twins, where unfortunately sIgE levels were not measured.

19.3.2 Atopic asthma : I will first use data from all MZ twin pairs. A
proband in these analysis is a twin with a history of wheezing. In logistic
regression predicting atopy and bronchial hyperresponsiveness in the MZ cotwin
from the same traits in the proband, atopy in the cotwin was related only to atopy
in the proband (OR=8.6, 95%CI=4.0 to 18.5), and not to BHR in the proband
(OR=1.3, 95%CI=0.6 to 2.7). By contrast, bronchial hyperresponsiveness in the
cotwin was predicted by BHR in the proband (OR=2.8, 95%CI=1.5 to 5.3), and by
proband atopy (OR=2.2, 95%CI=1.0 to 4.7). Analyses predicting three joint
outcomes - no atopy or BHR, atopic BHR, and nonatopic BHR - clarify these
results (Table 19.16). The last two categories are atopic and nonatopic "definite"
asthma in probands. The odds ratios (actually from the equivalent table with
double-proband pairs entered twice, in reverse order) confirm that the conditions
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seem to be heterogenous (Table 19.17). Sex of the twins did not modify the
association, and age just failed to reach statistical significance (age≤40 v over 40
years, χ2

4=9.2, P=0.06), the small numbers for nonatopic BHR forcing a coarse
stratification (a linear was not significant).

When the DZ twins are added, this increases power. The effect of zygosity
or sex on occurrence in the cotwin was not significant (the model Zyg (5 groups) +
P (3 classes) + C (3 classes) + C.P gave χ2

32=37.1, P=0.25; Zyg.C χ2
8=12.2,

P=0.14; Zyg.P χ2
8=9.5, P=0.30; Zyg.P.C χ2

32=15.4, P=0.50). Many sampling zeroes
were replaced by one-half in this model (eg there were no nonatopic DZ males with
BHR). Similar results were found when zygosity and sex terms were fitted
separately. Only when the sexes were combined was a weak effect of zygosity on
outcome in the cotwin found (P=0.03). Combining across zygosity groups allowed
stratification by age into three equally sized groups: 30 years and under, 31-40
years, and over 40 years. No significant age effects were found. A logistic model
where age was entered directly also found no effects of age. Note the pooled (MZ
and DZ) odds ratios are lower than the MZ alone (Table 19.18) - there are zygosity
effects, but as noted earlier, an insufficient sample size to resolve them properly
(for DZ twins alone, ORAA=2.0, 95%CI=1.1-3.8; ORNN=1.7, 95%CI=0.2-17.2 - where
A is atopic BHR and N is nonatopic BHR).

Table 19.16 Atopy and bronchial hyperresponsiveness in MZ wheeze-positive
probands and their cotwins.

Proband
Status

Cotwin Status

At-, BHR- At+, BHR+ At-, BHR+

No Atopy, No BHR 57 20 3

Atopy, BHR 39 54 2

No Atopy, BHR 9 2 5

Table 19.17 Odds ratios (and 95% confidence intervals corrected for effective
sample size) for atopic and nonatopic bronchial hyperresponsiveness in MZ
wheeze-positive probands and their cotwins.

Interaction OR 95%CI

At+, BHR+ v At+, BHR+ 4.6 2.4-8.9

At+, BHR+ v At-, BHR+ 0.9 0.2-5.1

At-, BHR+ v At+, BHR+ 0.8 0.2-4.0

At-, BHR+ v At-, BHR+ 8.8 1.8-42.3
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Table 19.18 Odds ratios (and 95% confidence intervals corrected for effective
sample size) for atopic and nonatopic bronchial hyperresponsiveness in all wheeze-
positive probands and their cotwins.

Interaction OR 95%CI

At+, BHR+ v At+, BHR+ 3.2 2.1-5.1

At+, BHR+ v At-, BHR+ 1.0 0.4-2.9

At-, BHR+ v At+, BHR+ 0.6 0.2-1.9

At-, BHR+ v At-, BHR+ 4.2 1.3-14.0

19.3.3 Conclusions : These results suggest that entities similar to atopic
and nonatopic asthma are a parsimonious explanation for the patterns of
association between atopy and BHR seen within the twin pairs. I have noted that
the older literature suggested these two subforms might be genetically
homogenous - the present data suggests heterogeneity.
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20 GENETIC ANALYSES OF ASTHMA AND ATOPY

The analysis of the clinical data required some account to be taken of the
mechanism of ascertainment, and in most cases several different methods have
been utilised. Results of the unconditional (uncorrected) approaches did not differ
greatly from the conditional approaches - both types of analysis are presented.

MZ pairs were significantly more likely to contain two affected probands
compared to DZ pairs (χ2

1=10.5), and there was no significant heterogeneity
between the MZ female and male groups (χ2

1=0.9) or the three DZ (χ2
2=0.8)

groups. On the face of it, this suggests that there was little bias specific to zygosity
group, as the concordances seem to give comparable results to the questionnaire
data (Table 20.1).

Table 20.1 Proband status (that is, a report of wheezing in Q1-Q3) and
probandwise concordance among twin pairs taking part in field phase of study.
Note that some pairs were recruited directly, and so do not have a proband as
defined here.

Zygosity Concordant Discordant Concordance Exact 95% CI

MZF 43 90 0.49 0.39-0.58

MZM 23 35 0.57 0.43-0.70

DZF 19 63 0.38 0.25-0.51

DZM 7 35 0.29 0.13-0.48

DZX 18 75 0.33 0.21-0.45

Looking at all pairs eligible to receive the Q3 suggests there is no effect of
zygosity on (pairwise) cooperation rate (Table 20.2; for "both tested" versus "one or
none" by zygosity χ2

4=3.4, P=0.50). If MZ twins are more concordant for asthma
than DZ pairs, and this affects cooperation, one would expect an excess of MZ
pairs. There is overrepresentation of pairs concordant for wheeze on the Q3, but
this is consistent over the zygosity groups (Table 20.3, upper panel). For the
comparison of concordant versus discordant cooperation, the Mantel-Haenszel
χ2

1=5.2 (P=0.02), with the concordance to discordance OR=1.4 (95%CI=1.0-1.8);
the Breslow-Day test for zygosity differences in this effect was χ2

4=0.45 (P=0.98).
Looking at a severity index, wheeze in the month prior to completing the Q3 (Table
20.3, lower panel), suggests that DZ females might be closer to the MZ than the
DZ group, but again the homogeneity test across zygosity groups is not significant,
though not very powerful (χ2

4=4.1, P=0.39; common OR=1.1, 95%CI=0.7-1.8).
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Table 20.2 Twins sent the Q3 and concordance among twin pairs for taking part in
field phase of study by zygosity.

Zygosity Both tested One tested Not tested

MZF 132 (23.6)* 6 (1.1) 421

MZM 54 (21.4) 0 (0.0) 198

DZF 86 (21.4) 7 (1.8) 308

DZM 47 (21.0) 4 (1.8) 173

DZX 99 (19.0) 6 (1.1) 415

* Number of pairs (percentage of zygosity group).
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Table 20.3 Fraction (percent) of pairs concordant (and discordant) for wheezing on
the Q3 by zygosity where both members took part in testing.

Symptom concordance MZF MZM DZF DZM DZX

Wheezing
reported
Q3

Concordant 59/175*
(33.7)

25/73
(34.2)

26/75
(34.7)

12/31
(38.7)

20/58
(34.5)

Discordant 60/211
(28.4)

22/74
(29.7)

51/182
(28.0)

28/97
(28.9)

61/242
(25.2)

Wheeze in
last month
on Q3

Concordant 14/41
(34.1)

4/9
(44.4)

7/15
(46.7)

1/4
(25.0)

4/14
(28.6)

Discordant 58/145
(40.0)

10/40
(25.0)

30/99
(30.3)

21/44
(47.7)

27/111
(24.3)

* Numerator=number of pairs where both members tested; Denominator=number of
MZF pairs concordant for wheeze on Q3.

In Tables 20.4 and 20.5, I have used rank correlation coefficients to give a
first overview of the within-pair covariation for the traits measured (within-individual
correlations were presented as Table 19.8). Pairs (including DZX) have been
double entered for the calculation of the τB, so these are intraclass in nature. The
univariate (ie same-trait) intrapair correlations are to be found down the main
diagonal.

Broadly, the MZF and MZM correlation matrices appeared roughly equal (the
male correlations tending to be a little lower), but the DZM matrix differs from the
DZF and DZX matrices. The number of DZM pairs tested was small, so the
negative correlations seen do not differ significantly from zero. The main diagonal
correlations in the MZ group are larger than the DZ group in most cases, in
keeping with the moderate genetic determination of allergic traits.
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Table 20.4 Kendall’s τB intrapair (intraclass) correlations for MZ twin pairs tested.
Correlations have been calculated pairwise, so the number of observations varies
according to the variables involved (the upper figure of the range given is correct
for all skin test comparisons).

IgE Drs Co Dp Hou Cat Dog Can Sou Tim Rye Asp Alt

LogIgE 50
DRS 19 17
Cock 30 9 25
Dpter 31 20 27 49
HouseD 32 20 24 40 41
Cat 33 20 25 34 37 34 MZ Females
Dog 30 18 23 34 36 36 36 (N=120-134 pairs)

Canary 22 13 15 20 27 27 27 37
South 24 16 19 23 31 32 28 40 43
Timothy 20 12 18 23 30 28 31 39 42 44
Rye 22 16 20 24 30 28 26 37 40 40 39
Asperg 23 12 17 21 32 33 34 34 38 35 34 36
Alter 22 17 20 18 26 30 34 33 37 37 34 38 42

LogIgE 35
Drs 21 31
Cock 26 20 46
Dpter 30 14 13 35
HouseD 28 11 12 29 28
Cat 21 10 17 19 22 29 MZ Males
Dog 24 16 20 22 16 23 35 (N=51-58 pairs)

Canary 15 13 23 12 16 23 24 34
South 15 17 21 17 19 24 24 31 29
Timothy 15 17 15 15 16 20 20 27 27 27
Rye 19 22 17 17 21 26 29 33 31 32 34
Asperg 23 26 35 20 23 30 30 31 30 28 32 34
Alter 20 23 25 14 15 16 18 30 28 26 31 29 31
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Table 20.5a Kendall’s τB intrapair (intraclass) correlations for same-sex DZ twin
pairs tested. Correlations have been calculated pairwise, so the number of
observations varies according to the variables involved (the upper figure of the
range given is correct for all skin test comparisons).

IgE Drs Co Dp Hou Cat Dog Can Sou Tim Rye Asp Alt

LogIgE 10
DRS 4 -0
Cock 13 -1 14
Dpter 10 2 18 19
HouseD 10 4 15 18 21
Cat 12 8 14 19 25 32 DZ Females
Dog 16 3 20 20 23 27 24 (N=72-84 pairs)

Canary 19 5 13 15 21 25 25 34
South 19 6 12 16 22 26 28 31 28
Timothy 18 5 16 16 22 24 27 34 31 32
Rye 18 5 11 15 21 23 27 29 27 30 25
Asperg 16 10 10 14 18 21 24 30 29 30 27 27
Alter 11 13 4 12 16 18 22 20 20 22 21 16 14

LogIgE -5
Drs -17 -7
Cock 5 -9 12
Dpter -10 -6 -1 -1
Housed -14 -10 -13 -2 -3
Cat -10 -5 -12 2 1 -2 DZ Males
Dog -9 0 -8 0 2 -1 9 (N=38-44 pairs)

Canary -6 -1 -6 -8 -11 1 -3 8
South 1 -0 2 -5 -7 4 1 12 18
Timothy 1 2 -0 -5 -9 1 -2 10 16 15
Rye 3 2 3 0 -4 5 -1 11 15 14 13
Asperg 2 -5 4 -5 -6 -0 -2 10 12 11 11 6
Alter -9 4 -6 2 -2 10 12 2 4 4 8 4 19
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Table 20.5b Kendall’s τB intrapair (intraclass) correlations for opposite-sex DZ twin
pairs tested. Correlations have been calculated pairwise, so the number of
observations varies according to the variables involved (the upper figure of the
range given is correct for all skin test comparisons).

LogIgE 16
DRS 11 11
Cock 9 18 13
Dpter 13 9 11 12
HouseD 12 12 13 14 13
Cat 16 12 13 16 15 17 DZ Opposite-Sex
Dog 17 11 13 16 13 16 13 (N=82-99 pairs)

Canary 4 4 13 8 11 14 8 12
South -0 3 12 6 10 13 8 7 4
Timothy 2 2 9 5 13 16 15 11 7 10
Rye 5 3 15 9 13 15 12 12 9 11 9
Asperg 3 3 8 7 14 16 15 13 10 12 10 11
Alter 10 6 12 8 15 17 16 17 12 13 14 18 25
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20.1 Bronchial responsiveness

The DZ correlations for the measures of bronchial hyperresponsiveness
were close to zero, regardless of the measure or transformation used, meaning that
ACE type models could not be fitted. The odds ratios for BHR (PD20≤7.8 µmol His
or bronchodilator ∆base=+0.12) in MZ and DZ twins (adjusted for screening status by
the Mantel-Haenszel procedure) were 3.3 (95%CI=1.8-6.2) and 1.4 (0.8-2.7)
respectively.

20.1.1 DeFries-Fulker regression analysis : I have performed these
analyses both for log transformed dose-response slope (logDRS) and inverse-cube
root dose-response slope (icDRS - Tables 20.6 and 20.7). These give very similar
parameter estimates, with the heritability of icDRS at 33-46% under the AE model.
There was sex heterogeneity in the FISHER model (for ADE model, sex term
included, LLik -284.3; no sex, -290.2). The AE model was preferred (LLik= -284.3).

Table 20.6 Results of DeFries-Fulker regression for inverse cube root transformed
dose-response slope (histamine inhalation) in female same-sex twins (N=203
pairs).

Model Term Β SE T P-value 95% CI

ACE Model

icDRS -0.10 0.16 -0.61 0.54 -.41 to 0.22

R* -0.35 0.12 -2.85 0.00 -.59 to -.11

R.icDRS 0.44 0.20 2.21 0.03 0.05 to 0.84

AE Model

R* -0.28 0.03 21.14 0.00 0.66 to 0.80

R.icDRS 0.33 0.06 5.19 0.00 0.20 to 0.45

* Coefficient of relationship
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Table 20.7 Results of DeFries-Fulker regression for inverse cube root transformed
dose-response slope (histamine inhalation) in male same-sex twins (N=97 pairs).

Model Term Β SE T P-value 95% CI

ACE Model

icDRS -0.48 0.31 -1.56 0.12 -1.1 to 0.13

R* -0.75 0.22 -3.38 0.00 -1.2 to -.31

R.icDRS 1.01 0.37 2.75 0.01 0.29 to 1.00

AE Model

R* -0.44 0.10 -4.51 0.00 -.63 to -.25

R.icDRS 0.46 0.11 4.30 0.00 0.25 to 0.67

* Coefficient of relationship

20.2 Total sIgE

20.2.1 DeFries-Fulker regression of IgE: Log sIgE was moderately
heritable (Table 20.8). The ACE model is inappropriate where dominance is
present, as in this case, where c is estimated as being negative, and not
significantly different from zero. The AE model gives a heritability of 61%
(95%CI=50-73%).
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Table 20.8 Results of De-Fries-Fulker regression for log total serum
Immunoglobulin E in same-sex twins (N=368 pairs).

Model Term Β SE T P-value 95% CI

ACE Model

Log sIgE -0.11 0.15 -0.76 0.45 -0.40 to 0.18

R* -2.7 0.85 -3.21 0.00 -4.4 to -1.0

R.log sIgE 0.75 0.18 4.10 0.00 0.39 to 1.00

AE Model

R* -2.1 0.35 -6.16 0.00 -2.8 to -1.4

R.log sIgE 0.61 0.06 10.86 0.00 0.50 to 0.73

* Coefficient of relationship

20.2.2 LISREL model for sIgE : There was no evidence for sex
heterogeneity (Table 20.9 - upper panel), so I have fitted to pooled MZ and DZ
groups (Table 20.9 - lower panel). The additive genetic model fits the data well,
with genetic variance σA

2=1.226 and unshared environmental variance σE
2=0.678,

giving a heritability of 58%, with a profile likelihood-based 95%CI=52-64%. This
interval is tighter than that arising from the less efficient Fulker-DeFries approach.
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Table 20.9 LISREL models for total sIgE fitted to five zygosity groups (MZF, MZM,
DZF, DZM, DZX), and then to two groups (MZ, DZ).

Model χ2 df P AIC

Five group models

All variances equal,
covariances freed

5.0 9 0.84 -13.0

With all covariances
equal

40.0 13 0.00 +12.9

With separate MZ and
DZ covariances

7.3 12 0.84 -16.7

Two group models

ADE 0.2 3 0.97 -5.8

AE 2.2 4 0.70 -5.8

CE 31.8 4 0.00 +23.8

20.2.3 FISHER model for sIgE : The ascertainment correction allowed by
this method did not alter these conclusions. A sex limitation model for all five
groups was not significantly superior to the model ignoring sex (χ2

1=1.0). The AE
model was the most parsimonious (ADE model loglikelihood, -254.3; AE, -255.6;
CE, -272.8), with parameter estimates of σA

2=1.271 (ASE=0.185) and unshared
environmental variance σE

2=0.682 (ASE=0.071).

20.3 Relative odds for SPTs

Because of the bimodality of skin test wheal size, I first present odds ratios
arising from logistic regression with the cotwin SPT result as dependent variable,
versus proband SPT result, sex, zygosity, cotwin sIgE, and the sex and zygosity by
SPT first order interactions. These analyses are restricted to the same-sex pairs
for ease of modelling sex effects. Log sIgE level in the cotwin is entered as a
covariate to at least partly control general atopy by partialling out sIgE. Therefore,
the first three lines of Tables 20.10-20.20 test for zygosity, sex and IgE effects on
mean result in probands, the fourth for intrapair association for SPT, and the fifth
and sixth lines for variation in twin concordance with zygosity and sex.

In these univariate analyses, significant MZ/DZ differences were detected for
cockroach, D pter and house dust, Alternaria and Aspergillus mixtures. Sex effects
on concordance were present for cat, D pter, house dust and Alternaria. I dismiss
the effect of zygosity group on Aspergillus wheal size as a type Ι error, while sex
differences in mean are more likely to be biological in nature. All the significant
intrapair covariation in these models is independent of genetic and environmental
correlations due to genes controlling total sIgE, and so represent independent
sources of variation.

Table 20.10 Association between positive SPT (3 mm or greater wheal) to
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cockroach in the proband and in cotwin.

Variable OR 95%CI P

log sIgE 6.0 3.3-10.8 0.00

MZ v DZ 1.4 0.7-2.7 0.33

Mal v Fem 1.9 1.0-3.6 0.06

Cock in
proband

2.3 1.2-4.4 0.02

Zyg.Cockroach 2.3 1.2-4.4 0.01

Sex.Cockroach 0.8 0.4-1.5 0.46
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Table 20.11 Association between positive SPT (3 mm or greater wheal) to cat in
the proband and in cotwin.

Variable OR 95%CI P

log sIgE 5.6 3.3-9.4 0.00

MZ v DZ 0.9 0.5-1.6 0.62

Mal v Fem 0.8 0.4-1.4 0.40

Cat in
proband

3.5 1.9-6.5 0.00

Zyg.Cat 0.9 0.5-1.6 0.68

Sex.Cat 1.7 1.0-3.2 0.07

Table 20.12 Association between positive SPT (3 mm or greater wheal) to dog in
the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 4.6 2.5-8.3 0.00

MZ v DZ 1.4 0.7-3.0 0.35

Mal v Fem 0.6 0.2-1.4 0.24

Dog in proband 5.7 2.3-14.2 0.00

Zyg.Dog 1.0 0.5-2.2 0.90

Sex.Dog 0.5 0.2-1.3 0.15
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Table 20.13 Association between positive SPT (3 mm or greater wheal) to D. pter
in the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 7.4 4.3-12.6 0.00

MZ v DZ 2.1 1.1-4.0 0.03

Mal v Fem 1.9 0.9-3.8 0.08

Dpter in
proband

2.1 1.0-4.2 0.04

Zyg.Dpter 3.2 1.7-6.2 0.00

Sex.Dpter 2.5 1.2-5.1 0.01

Table 20.14 Association between positive SPT (3 mm or greater wheal) to house
dust in the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 7.6 4.4-13.0 0.00

MZ v DZ 1.0 0.5-1.8 0.89

Mal v Fem 1.6 0.9-3.0 0.12

Dust in
proband

4.0 2.2-7.5 0.00

Zyg.HouseD 1.2 0.6-2.1 0.61

Sex.HouseD 1.9 1.0-3.4 0.04
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Table 20.15 Association between positive SPT (3 mm or greater wheal) to
Alternaria in the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 3.0 1.8-5.0 0.00

MZ v DZ 0.8 0.4-1.5 0.53

Mal v Fem 1.1 0.6-2.1 0.71

Alt in proband 3.9 2.1-7.3 0.00

Zyg.Alt 2.7 1.5-5.1 0.00

Sex.Alt 1.9 1.0-3.6 0.04

Table 20.16 Association between positive SPT (3 mm or greater wheal) to
Aspergillus in the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 6.4 3.7-11.2 0.00

MZ v DZ 0.6 0.3-1.2 0.14

Mal v Fem 1.6 0.8-2.9 0.17

Asp in proband 3.3 1.7-6.2 0.00

Zyg.Asp 1.9 1.0-3.6 0.04

Sex.Asp 1.0 0.5-1.9 0.93
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Table 20.17 Association between positive SPT (3 mm or greater wheal) to Canary
grass in the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 5.1 3.1-8.3 0.00

MZ v DZ 0.9 0.5-1.6 0.82

Mal v Fem 0.7 0.4-1.3 0.27

Canary in
proband

4.9 2.7-9.0 0.00

Zyg.Canary 1.4 0.8-2.5 0.20

Sex.Canary 1.1 0.6-1.9 0.85

Table 20.18 Association between positive SPT (3 mm or greater wheal) to
perennial rye grass in the proband and in cotwin.

Variable OR 95%CI P

Log sIgE 5.0 3.1-8.1 0.00

MZ v DZ 0.9 0.5-1.6 0.75

Mal v Fem 0.9 0.5-1.6 0.71

Rye in proband 3.9 2.2-7.0 0.00

Zyg.Rye 1.4 0.8-2.5 0.22

Sex.Rye 1.5 0.9-2.7 0.15
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Table 20.19 Association between positive SPT (3 mm or greater wheal) to
Timothy grass in the proband and in cotwin.

Variable OR 95% CI P

Log sIgE 4.7 2.9-7.7 0.00

MZ v DZ 0.8 0.5-1.5 0.50

Mal v Fem 0.9 0.5-1.6 0.73

Tim in
proband

5.1 2.8-9.3 0.00

Zyg.Tim 1.2 0.7-2.1 0.59

Sex.Tim 1.4 0.8-2.5 0.28

Table 20.20 Association between positive SPT (3 mm or greater wheal) to
Southern grasses mix in the proband and in cotwin.

Variable OR 95% CI P

Log sIgE 6.0 3.6-10.0 0.00

MZ v DZ 0.8 0.5-1.5 0.49

Mal v Fem 1.0 0.5-1.7 0.90

South in
proband

4.4 2.4-8.1 0.00

Zyg.South 1.3 0.7-2.2 0.44

Sex.South 1.3 0.7-2.3 0.42
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20.3.1 Correlations for SPTs: An alternative analysis is to look at intrapair
correlations in wheal size for pairs where both are skin test positive. It would be
possible for genes only to act in a binary fashion, with wheal diameter controlled by
environmental factors alone. Truncation of a continuous variate in this way tends
to decrease the correlation between variables anyway - the Pearson-Aitken
selection formula [Aitken 1934], so I have tabulated the MZ and DZ correlations for
D pter at various cutpoints looking for an obvious nonlinearity (Table 20.21). The
large number of pairs where one or both exhibited a wheal to D pter of zero
diameter seem to exert a proportionate leverage on intrapair correlations for both D
pter and log sIgE level. Nevertheless MZ twins seem to be weakly concordant in
wheal size even given concordance in position above a threshold, though the
smaller numbers mean the correlation is not significantly different from zero or from
the DZ group.

Table 20.21 Effects of truncate selection of pairs concordant for D pter SPT wheal
diameter on the intrapair correlation for wheal size and sIgE, a correlated trait.

Zygosity group
and variable

Using pairs concordant for D pter SPT wheal diameter

≥4 mm ≥3 mm ≥2 mm ≥1 mm ≥0 mm

MZ D pter 0.16 0.27 0.29 0.35 0.56

sIgE 0.56 0.52 0.54 0.58 0.66

DZ D Pter 0.11 0.15 0.18 0.17 0.22

sIgE 0.16 0.18 0.17 0.17 0.22

One can also test this hypothesis by fitting log-linear models to more than
two categories of skin wheal diameter. Again looking at D pter, I divided wheal
size into 0-2.5 mm (-), 3-7 mm (1+), 7.5 mm and over (2+). For the MZ group, the
local odds ratio for the association between the 1+ and 2+ categories (1+,1+;
1+,2+; 2+,1+; 2+,2+) was 3.3 (95%CI=1.3-8.6). A linear-by-linear association
model [Agresti 1984], where these categories are scored as 0, 1, and 2, gave
goodness-of-fit χ2

6=9.5 (P=0.15); the binary encoded analyses as in Table 20.13,
χ2

6=12.2 (P=0.06). This suggests correlation in diameter is not just threshold in
nature, but the difference between the models is not large.

20.4 sIgE level, BHR, and D pter SPT

20.4.1 Bivariate analysis - sIgE and D Pter: The association between
sIgE and sensitisation to D pter was discussed in Section 19.1.2. In bivariate
genetic analyses I attempted to determine whether genetic influences specific to
each trait existed, or whether atopy alone underlies both.

The nonnormality of the distribution of D pter wheal causes some difficulty in
the use of standard biometrical models. This bimodal interval distribution was not
amenable to an inverse normal transformation because of the large number of ties
on zero. The first analysis I will describe treats wheal diameter as being censored
below, and therefore treats the bottom category as a threshold on a latent variable,
as in the MFT. PRELIS offers this approach as a standard option. Even if this
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does not seem immediately plausible, it can be interpreted heuristically (I would
think) in terms similar to those for the tetrachoric correlation: individuals below the
threshold are continuously distributed in probability of subsequently expressing the
trait (developing a non-zero skin wheal).

I will start with a two group (MZ v DZ) analysis. The correlation matrices
estimated by PRELIS are presented in Table 20.22, and do not differ substantially
from the raw correlations. I fitted models to these matrices using the WLS and ML
approaches, though it should be noted that the weight matrix for WLS is based on
a suboptimal sample size - Jöreskog and Sörbom [1991] recommend at least
N=300 (per group). The difference χ2 under both approaches are very similar.
Two plausible models based on the ADE cholesky decomposition can be found
(Tables 20.23 and 20.24). One is the full AE model, with 25% of the variance of D
pter wheal in the population being due to specific genetic factors. The other model
entails common dominance and additive genetic components, with differing
patterns of loadings on the two traits. I would tend to follow the univariate results
and prefer the model without dominance.

An alternative is to try a latent phenotype model for this data. The model I
will present entails sIgE and D pter being correlated with an underlying trait atopy,
which is the sole source of twin correlations. If atopy is standardised, the
correlations between it and the observed variables are 0.83 for sIgE, and 0.77 for
D pter. The MZ correlation between latent variables is 0.86, the DZ correlation
0.43, giving rise to a heritability estimate under an AE model of 82%.
Unfortunately, this model fits poorly when examined using ML, with χ2

9=71.8
(P=0.00), and well if WLS is used χ2

9=5.65 (P=0.80). Adding specific genetic terms
will give models that will be equivalent to the cholesky models.

Fitting the same models to polyserial correlations calculated for wheal
diameter categorised into 0-2.5, 3-7, and 7.5- mm, found a marked reduction in
power to reject models - the shared environmental (full CE) model was not
significantly worse than the additive genetic (full AE) model. This should not be
unexpected.
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Table 20.22 Pearson correlations for log sIgE level and D pter skin prick test
wheal diameter estimated with SPT as a censored trait.

DZ Correlations upper
triangle

IgE1 Dp1 IgE2 Dp2

Twin 1 logIgE -- 0.59 0.23 0.14

Dp 0.60 -- 0.21 0.24

Twin 2 logIgE 0.66 0.38 -- 0.68

Dp 0.48 0.58 0.55 --

MZ correlations lower triangle

Table 20.23 LISREL models for log sIgE and D pter SPT.

Model WLS χ2 (ML χ2) df P AIC

Full ADE 7.2 (8.9) 5 0.20 -2.8

Full AE 9.8 (11.5) 8 0.28 -6.2

Full CE 48.4 (52.8) 8 0.00 +32.4

Common A, Full E 42.4 9 0.00 +24.9

Common AD, Full E 8.3 (9.7) 7 0.31 -5.7

Common AD, Common E 25.8 8 0.00 +9.8

Common AD, Specific E 29.0 8 0.00 +13.0

Table 20.24 Proportion of variation of (log transformed) total serum level of IgE
and D pter SPT wheal diameter (×100) explained by additive and dominance
genetic and unique environmental factors in genetic cholesky decomposition.

Additive genetic
factors

Dominance genetic
factors

Unique environmental
factors

I II I II I II

logIgE 67 -- 34

D pter SPT 34 25 -- -- 8 35

logIgE 02 67 31

D pter SPT 36 -- 23 -- 6 35
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20.4.2 D Pter SPT, sIgE and BHR: This trivariate analysis is weakened by
the nonnormal distribution of histamine DRS and D pter SPT, as discussed earlier,
and I have again performed several types of analysis. The simplest in some
respects is an ACE cholesky decomposition ignoring this nonnormality, and
combining sexes. LISREL, MX and FISHER all gave similar results with and
without ascertainment corrections. FISHER (single ascertainment corrected)
flagged 5% of twin pairs as outliers (not significantly different from that expected
under the criterion used), and the seven tests of multivariate normality provided
were all mildly significant (0.10>P>0.01). This model suggests that most of the
variance of (inverse cube root transformed) DRS is environmental in nature, and
mostly not common to the other two atopy markers included (Table 20.25). Only
one-third of its genetic variance is due to common atopy genes (Table 20.26),
though this is complicated by a genetic correlation specific to D. Pter SPT (factor
AΙΙ).

Table 20.25 FISHER models for log sIgE, icDRS and D pter SPT.

Model LLik NP* AIC

Full ADE -369.04 24 393

Full ACE -370.02 24 394

Full AE -370.44 18 388

Full A, Specific E -394.70 15 410

Full AE less AΙΙ-Dp -373.00 17 390

Full AE less AΙ-DRS -378.57 17 396

* Number of independent model parameters estimated
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Table 20.26 Proportion of variation of (log transformed) total serum level of IgE,
inverse-cube-root transformed simplified DRS slope and D pter SPT wheal
diameter (×100) explained by additive and dominance genetic and unique
environmental factors in genetic cholesky decomposition.

Additive genetic factors Unique environmental factors

I II III I II III

log IgE 66 -- 34

icDRS 7 17 3 73

D pter SPT 30 4 19 7 1 39

20.4.3 Wheezing and asymptomatic BHR: This analysis is less efficient
than those just discussed, but looks at the relationship between symptomatic BHR
and asymptomatic BHR. In pairs discordant for wheeze (screen positive and
positive report at time of testing versus screen negative and negative report at time
of testing - Table 20.27), occurrence of BHR was significantly less in DZ cotwins
than in MZ cotwins when compared to that in the index twin (controlling for
ascertainment by stratifying the baseline on all five zygosity groups - Table 20.28).
An analysis comparing MZ and DZ recurrence in the cotwin found no significant
difference - mainly due to the DZF twins (ORMZ/DZ=1.9, 95%CI=0.9-3.8; model fit to
five groups χ2

2=9.9, P=0.02).
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Table 20.27 Probability of BHR in wheezing index twin and nonwheezing cotwin
by zygosity group.

Wheezy twin Nonwheezy cotwin

MZF 24/47 (51%) 12/47 (26%)

MZM 12/18 (67%) 8/18 (44%)

DZF 26/35 (74%) 11/35 (31%)

DZM 14/24 (58%) 1/24 (4%)

DZX 30/50 (60%) 9/50 (18%)

Table 20.28 LR χ2 tests for significance of terms in logistic regression for BHR
versus wheezing and zygosity group. Final model Twin + Zyg + Z.Twin

Model term χ2 df P

Twin (index versus cotwin) 52.2 1 0.00

Zyg (MZF, MZM, DZF, DZM, DZX) 10.9 4 0.03

Z (2 groups: MZ v DZ) 0.1 1 0.79

Zyg.Twin 7.0 4 0.14

Z.Twin 4.2 1 0.04
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20.5 Multivariate analysis of other allergens

In Chapter 19 it was seen that the SPTs for the various grasses were
strongly intercorrelated. This might suggest that a latent phenotype model might
be appropriate for this data. In fact, trying to explain all the variation in wheal size
to canary grass, rye grass, southern grass mix and timothy grass using a single
underlying factor was not supported. The fit of a single factor MFT model can
actually be tested by fully ML methods using the NAG routine G11SAF; this
rejected such a model for a binary encoding of the results (χ2

1=14.2 for Twin One;
χ2

0=24.4 for Twin Two - zero df due to empty cells). Similarly, attempts to model
wheal diameter to these allergens as a continuous normal trait censored below
(PRELIS) failed to remove marked skewness, and the resulting covariances did not
support a single factor model, save marginally in MZ twins (χ2

27=51.6). These
models actually reproduce the covariance matrix quite well, but the sample size is
sufficient to make quite small deviations from the observed matrix highly significant.

An analysis of rank correlations gave similar overall results, but the use of
OLS (in this case performed using SAS PROC CALIS) path analysis is not strictly
appropriate. The model for the MZ twins fitted reasonably well, with a root mean
square residual of 0.01. For the DZ twins, the root mean square residual
correlation was 0.02, with the largest residual 0.05. The MZ correlation between
the common factor in each twin was 0.46, the DZ correlation, 0.20. The loading of
the factor onto each SPT was approximately 0.9. Because of the difficulties with
distribution of the scores, I will not elaborate further on path models for this data.

A genetic analysis using latent class models meets a different problem, in
that many cells in contingency tables are empty, and so the goodness-of-fit χ2 is
overlarge. If one again scores wheal size as negative (<3 mm) or positive, for the
equivalent to a three variable analysis including binary encoded canary grass, rye
grass and timothy grass, a 26 (64 element) table for each zygosity (MZ and DZ)
must be analysed, with 39 sampling zeroes in each table. I chose a model with
one binary latent variable per twin (grass sensitised v nonsensitised). The model fit
(from LCAG) is probably good for the MZ group (LR χ2

48=40.4, P=0.77; Pearson
χ2

48=137.6 with many large contributions from zero cells; e, the probability of
misclassification, 0.005), and less equivocal for the DZ group (Gibbs χ2

48=20.0,
P=1.00; Pearson χ2

48=16.5, P=1.00; e=0.006). The odds ratio for the association
between the latent variables in the MZ pairs was 7.4, and for the DZ twins 3.6.
The probability that a twin scored as positive on the latent variable would express a
response to a given allergen was high - 0.93-0.96; a negative twin had only a 0.02-
0.06 probability of sensitisation on a given test. Including southern grass mix in the
analysis would increase the cells in the table for analysis to 256, and I think is not
warranted. Because a binary scoring was used, the analysis is less powerful than
that based on continuous scores, and so less likely to detect, for example,
correlations specific to one particular allergen. Eaves et al [1993] have presented
latent class models for the testing of multitrait major gene models, and this might
be applied in this situation.
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20.6 Multivariate analysis of immunoglobulin levels

I also examined the relationship between total sIgE level and that of the
other immunoglobulins in a genetic cholesky decomposition analysis. All the
immunoglobulin levels were heavily skewed (Table 20.29) - log normally distributed
in univariate analyses (for log IgA, the Shapiro-Wilks W=0.9875, P=0.71; log IgG
W=0.9913, P=0.98; log IgM W=0.9809, P=0.02). Despite the fact that statistically
significant intercorrelations in immunoglobulin level were detected (Table 20.30),
especially between IgA and IgG, and IgG and IgM, common genetic and
environmental factors explained little of the variation in the traits (Table 20.31 and
20.32). Most of the intercorrelation was due to common unshared (ie nonfamilial)
environmental determinants. This suggests that atopy genes increasing serum IgE
do not overlap with other immunoglobulin level controlling genes - and that any
evolutionary pressure on atopy acts solely through IgE mediated processes.

Table 20.29 Summary univariate data for immunoglobulins A, G and M. Normality
of all frequency distributions rejected by Shapiro-Wilks W at P<0.0001.

Immunoglobulin Median Range Skewness

A 2.1 0.1-15.8 2.9

G 11.8 4.4-35.4 1.0

M 1.9 0.3-7.8 1.5
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Table 20.30 Intraclass correlations for immunoglobulin levels within and between
twins.

LogIgA LogIgE LogIgG LogIgM

ALL INDIVIDUALS (Within individual)

LogIgA ---

LogIgE 0.10 ---

LogIgG 0.24 0.07 ---

LogIgM 0.06 -.01 0.21 ---

MZF (within pair) 115 pairs

LogIgA 0.81

LogIgE 0.10 0.69

LogIgG 0.16 0.00 0.68

LogIgM -.05 -.10 0.15 0.76

MZM (within pair) 48 pairs

LogIgA 0.62

LogIgE -.11 0.54

LogIgG 0.21 0.12 0.68

LogIgM -.05 0.12 0.07 0.76

DZF (within pair) 69 pairs

LogIgA 0.51

LogIgE 0.06 0.22

LogIgG 0.14 0.04 0.39

LogIgM 0.03 -.12 0.09 0.24

DZM (within pair) 38 pairs

LogIgA 0.32

LogIgE -.09 -.01

LogIgG 0.18 0.04 0.26

LogIgM 0.12 -.12 -.01 0.20

DZX (within pair) 76 pairs

LogIgA 0.35

LogIgE -.07 0.21

LogIgG 0.08 0.02 0.31

LogIgM -.02 0.03 0.17 0.27
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Table 20.31 LISREL models for total immunoglobulin levels fitted to four same-sex
zygosity groups (MZF, MZM, DZF, DZM), and then to all twins. These are fitted to
the mean squares.

Model χ2 df P AIC

Four group models (Same sex zygosity groups)

Full ACE Choleski for
each sex (ACEM ACEF)

26.2 20 0.16 -13.8

Full ACE Choleski
combining sexes (ACE)

57.9 50 0.21 -42.1

Five group models (All 5 zygosity groups)

Full ACE 79.4 70 0.21 -60.6

Full AE 81.6 80 0.43 -78.4

Full A, Specific E only 140.9 86 0.00 -31.1

Specific A, Full E 105.6 86 0.07 -66.4

Full CE 279.4 80 0.00 +23.8

Table 20.32 Proportion of variation of (log transformed) total serum level of IgA,
IgE, IgG, and IgM (×100) explained by additive genetic and unique environmental
factors in AE genetic Choleski decomposition.

Immunoglobulin
Additive genetic factors Unique environmental factors

I II III IV I II III IV

logIgA 83 17

logIgE 1 62 0 37

logIgG 3 0 64 5 0 26

logIgM 0 0 3 74 3 0 1 21
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21 COMBINATION OF CLINICAL AND QUESTIONNAIRE DATA

21.1 Is questionnaire data a good proxy for clinical data

21.1.1 Bronchial hyperresponsiveness : The first two tables below
(Tables 21.1 and 21.2) address the question of the relationship between reported
wheeze and bronchial hyperresponsiveness. In Cohort One twins, a nice linear
trend is evident for the relationship between BHR and recency/frequency of wheeze
reported 12 years previously. The prevalence of BHR in the community is not as
high as that in the asymptomatic twins, due to the sampling. An AE phi model
applied to BHR in cotwins of screen-positive probands gave an estimated
population prevalence of 24%, but this has very wide confidence bounds. The
studies reviewed in Chapter 2 would put the population prevalence of BHR at 15-
20%. Comparing the tables, the agreement between the two cohorts is good,
suggesting once more that the factors leading to inclusion into the study are not
particularly dependent on age or intensity of screening.

Table 21.1 Bronchial hyperresponsiveness on testing (1992) versus reported
frequency of wheezing 1980 (Cohort One twins).

Asthma or wheeze 1980 BHR+ BHR- Not tested Percent tested

No information 15 (38.5)* 24 900 4.0

No symptoms 88 (31.9) 188 5393 4.8

Only as a child 35 (53.0) 31 226 22.6

Occasionally 57 (59.4) 39 350 21.5

Frequently 70 (92.1) 6 194 28.1

* Number (percentage) of those tested.
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Table 21.2 Bronchial hyperresponsiveness on testing (1992) versus reported
frequency of wheezing 1989 (Cohort Two twins).

Asthma or wheeze 1989 BHR+ BHR- Not tested Percent tested

No information 15 (75.0)* 5 4835 0.4

No symptoms 30 (29.7) 71 2797 3.5

Only as a child 22 (48.9) 23 130 25.7

Only as an adult 23 (46.0) 27 196 20.3

As child and adult 60 (82.2) 13 291 20.0

* Number (percentage) of those tested.

21.1.2 Allergy to house dust mite : Only Cohort One twins were asked
about "dust allergy" in a screening questionnaire. An individual reporting dust
allergy in 1980 was more likely to test positive to D pter in 1992 whether he/she
had a history of wheezing or not (Table 21.3). Pooling the "No information" (item
left blank) and "No symptoms" groups, and comparing this to a pooled "symptoms"
group gives an overall Mantel-Haenszel OR=4.3 across the proband and non-
proband groups, with a conservative (doubling standard errors) 95%CI=2.0-10.5
(Breslow-Day χ2

1=0.5 for a difference between the groups). A relationship of
similar strength was found in the Q3 items on dust, vacuuming, and bedmaking
(Table 21.4). For example, the crude association between D pter positivity and not
"ever exacerbated by vacuuming" in twins reporting wheezing was OR=2.3,
(conservative) 95%CI=1.0-5.0; and for sneezing, OR=2.0, 95%CI=1.0-4.0. This
combining of categories of the four point scale of course loses power, but it seems
the single "vague" screening item, as a summary of multiple exposure-symptom
pairings, was more effective than any single more detailed item. Comparable data
was presented by Murray et al [1983] for 530 asthmatic children where
exacerbation of nasal (OR=3.3, 95%CI=1.4-7.7) and chest (OR=2.5, 95%CI=1.0-
6.2) symptoms while making the bed was associated with positive SPT to D far
(symptoms reported by the parent). Very roughly it seems that the presence of a
history of wheeze trebles the probability of being allergic to D pter in this sample
(Section 19.2), and a history of exacerbation by dust doubles it again.

380



Table 21.3 Positive skin prick test to D pter (1992) versus reported frequency of
"dust allergy" in 1980 (Cohort One twins) versus history of wheeze.

Dust allergy 1980 SPT+ SPT- Percent tested

Proband (wheeze in 1980 or 1988)

No information 13 (56.5)* 10 19.9

No symptoms 76 (52.0) 70 21.9

Only as a child 13 (86.7) 2 31.9

Occasionally 45 (81.2) 10 24.2

Frequently 96 (82.1) 21 27.2

Nonproband (denied wheeze 1980 and 1988)

No information 7 (38.9)* 11 3.6

No symptoms 55 (37.9) 90 3.2

Only as a child 2 (66.7) 1 7.3

Occasionally 15 (78.9) 4 4.9

Frequently 9 (64.3) 5 4.1

* Number (percentage) of those tested.
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Table 21.4 Skin prick test results for D pter (1992) versus reported frequency of
"dust-related" exacerbation of wheeze and sneezing in individuals reporting that
symptom on the Q3.

Frequency
of
symptom

Wheezing Sneezing

Dust in
house

Vacuum
Clean’g

Bed
making

Dust in
house

Vacuum
Clean’g

Bed
making

Never 97/162
(59.9)*

112/185
(60.5)

202/302
(66.9)

70/144
(48.6)

98/193
(50.8)

252/440
(57.3)

Occas 128/183
(70.0)

128/172
(74.4)

78/100
(78.0)

193/334
(57.8)

186/310
(60.0)

117/163
(71.8)

Freq 67/78
(85.9)

64/74
(86.5)

23/28
(82.1)

126/171
(73.7)

123/159
(77.4)

46/61
(75.4)

Always 45/52
(86.5)

26/35
(74.3)

8/9
(88.9)

79/96
(82.3)

53/65
(81.5)

22/26
(84.6)

* Fraction (percentage) of those responding to that item.
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22 SIB-PAIR LINKAGE ANALYSIS

22.1 Allele frequencies

Two markers were used for this analysis - the CA-repeat markers described
by Sandford et al [1993]. One of these was the FcεRI β-subunit, the other an
anonymous marker in the same region, known variously as CCl11-319ca and
pMFM319. The first marker was in Hardy-Weinberg equilibrium (Table 22.1). The
Pearson χ2

45=55.1 (P<0.14), the more robust Freeman-Tukey χ2
45=20.5 (P=0.999),

and the LR χ2
45=28.9 (P=0.97). The heterozygosity was 0.68. Similar results were

obtained by combining uncommon alleles into a single category. The allele
frequencies (Table 22.2) found by the Oxford workers [Moffat, personal
communication to Ms Sue Healy] agree closely.

In the case of CCl11-319ca (Table 22.3), the tests including all 55 cells were
of borderline significance (Freeman-Tukey χ2

45=54.7, P=0.15), and more
appropriately, deleting the three uncommon alleles 181, 185, and 203 led to
rejection of Hardy-Weinberg equilibrium (Freeman-Tukey χ2

21=45.4, P=0.001). It
should be noted that an allelic association between asthma and this gene is one
mechanism that could lead to loss of Hardy-Weinberg equilibrium, but this is not a
powerful test, and many alternative explanations are possible. There was a dearth
of 189 homozygotes and excess of 189/201 heterozygotes.

383



Table 22.1 Allele frequencies and genotypic (count) array for the 11q marker
FcεRI-β-ca.

Allele
Allele

Frequency
Allele

112 114 116 118 120 122 124 126 128 130

112 0.0057 0

114 0.0011 0 0

116 0.4219 2 0 77

118 0.0102 0 0 7 0

120 0.3133 1 1 117 2 45

122 0.2115 2 0 82 0 57 18

124 0.0079 0 0 1 0 3 1 1

126 0.0045 0 0 0 0 1 3 0 0

128 0.0226 0 0 9 0 5 6 0 0 0

130 0.0011 0 0 1 0 0 0 0 0 0 0

Table 22.2 Allelic frequencies for the 11q marker FcεRI-β-ca reported by Moffat
[pers comm], and by vanHerwerden et al [1995].

Allele 112 114 116 118 120 122 124 126 128 130

Moffat .02 .00 .42 .01 .28 .23 .01 .00 .03 .00

VanHerwerden .00 .02 .15 .24 .14 .23 .15 .03 .00 .02
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Table 22.3 Allele frequencies and genotypic (count) array for the 11q marker
CCl11-319ca.

Allele
Allele

Frequency
Allele

181 185 189 191 193 195 197 199 201 203

181 0.0012 0

185 0.0023 0 0

189 0.3119 0 0 30*

191 0.0304 0 0 5 0

193 0.0280 0 0 14 0 0

195 0.1005 0 0 34 1 0 9

197 0.3072 1 0 93 14 8 24 41

199 0.1472 0 0 43 4 3 10 37 14

201 0.0678 0 2 29 2 0 4 12 5 1

203 0.0035 0 0 1 0 0 0 0 0 2 0

* Bolding denotes counts with Freeman-Tukey deviates with absolute value over 2.

22.2 Sib-pair regressions

This analysis is for a total of 219 DZ twin pairs typed at FcεRI-β-ca, of whom
208 pairs were typed at CCl11-319-ca. I first examined linkage for skin atopy
(defined as any allergen skin prick wheal greater than or equal to 3 mm diameter).
This found no evidence for linkage (Table 22.4). The results of the regressive test
was: overall mean estimated ibd score for FcεRI-β-ca was Π=0.5006, t=0.54
(df=217, P=0.70); CCl11-319-ca Π=0.5277, t=0.47 (df=206, P=0.68), with similar
results as a multiple regression. The analyses for continuous traits also gave
negative results. For log sIgE: FcεRI-β-ca mean ibd score Π=0.5024, t=-1.1272
(df=193, P=0.13); CCl11-319-ca, mean ibd score Π=0.5338, t=0.0605 (df=184,
P=0.52). For inverse cube-root transformed histamine dose-response slope, FcεRI-
β-ca Π=0.5033, t=0.4397 (df=201, P=0.67); CCl11-319-ca Π=0.5307, t=-1.0074
(df=191, P=0.16).

I then tested for an allelic association for the two markers. The simple
analysis I have performed was to examine genotype distributions in non-skin-atopic
versus skin-atopic twins, selecting one twin from each pair - randomly where
concordant, but a nonatopic twin in preference to an atopic twin otherwise. For this
analysis there were 211 subjects. One test was for homogeneity of genotype
distributions. For FcεRI-β-ca, the contingency Pearson’s χ2

17=12.47 (P=0.77), and
Gibbs χ2

17=15.8 (P=0.54); for CCl11-319-ca Pearson χ2
24=36.8 (P=0.05), Gibbs

χ2=44.8 (P=0.01). However, an examination of CCl11-319-ca for differences in
gene frequencies (under Hardy-Weinberg constraints), excluding alleles 181, 185
and 203 gave a Gibbs χ2

7=10.8 (P=0.15), and Pearson χ2
7=8.1 (P=0.32). The

findings then seem to hinge on the lack of Hardy-Weinberg equilibrium seen for this
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marker. The affected sib-pair linkage results for atopy also exclude strong allelic
association [Hodge 1993]. Negative results also were obtained for ANOVA of log
sIgE and inverse cube-root transformed DRS either under an additive allelic model
or genotypic models. I conclude there is no evidence for allelic association.

The expected power of the sib-pair analysis of the sample for binary traits, at
least, can be easily calculated (Suarez et al 1978; Blackwelder & Elston 1985). For
example, the calculated power of the Haseman-Elston sib-pair test for dichotomised
sIgE level (High >100 IU/ml versus Low ≤100 IU/ml) under the model used by
Sandford et al (1993), with the Type I error rate α set at 0.05 (since this is a
replication rather than an exploratory study), is 81% to detect linkage at θ=0.03
(that for the candidate gene FcεRI-βca). The power to detect linkage with recent
wheeze was only 42% (using gene frequency 0.25 as before, and a dominant
model with penetrance of 0.2). This however assumes all twin families are linked,
and IBD scores are known, rather than estimated. In the case of heterogeneity,
which is the most likely cause of the failures to replicate described earlier, power
would severely curtailed. The high heterozygosity of the marker systems means
parental data will slightly increase power, but it does of course allow the testing for
the maternal effect. I therefore regard these results as preliminary rather than
definitive.

Table 22.4 Sib-pair analysis of atopy (any positive skin prick test) versus FcεRI-β-
ca and CCl11-319ca: pairwise analysis for binary trait.

Number of
twins affected

Number
of pairs

Mean estimated
IBD score

SD SE T-value P-value

CCl11-319ca

0 19 0.4463 0.2025 0.0465 -1.1564 1.00

1 68 0.5406 0.2724 0.0330 -1.2304 1.00

2 125 0.5332 0.2859 0.0260 1.2792 0.10

FcεRI-β-ca

0 22 0.4694 0.2105 0.0449 -0.6816 1.00

1 72 0.5125 0.2331 0.0275 -0.4549 1.00

2 125 0.4991 0.2316 0.0207 -0.0409 1.00
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22.3 Leu181 mutation detection
Subsequent to these initial linkage findings, we have proceeded to look for

the Leu181 mutation found by the Oxford group in the UK and West Australia.
DNA was extracted from peripheral blood leucocytes1 [Miller et al 1988] collected
from 610 of these twins, and from 198 of their parents. The 215 DZ twin pairs and
their available parents were typed at the two short tandem repeat polymorphisms
within the FcεRI β-subunit gene as originally described by Sandford et al [1992]
(FcεRI-β-ca, CCl11-319ca). The entire sample was typed for the Leu181 mutation
via an allele-specific oligonucleotide polymerase chain reaction based assay
modified from Ref. 1. Amplification was carried out using: 5FU, 5’-
TGTATGTGTCACTTTAAAAGGACTGGTCAG-3’; and 3FU, 5’-
TAACATATCAGTCCTATTATCCCAACCCTC-3’ producing a 459 bp control
product. The mutation (Leu181) was detected using 3M, 5’-
AATGGTGAGAAACAGCATCATCATTACCAA-3’, giving a 163 bp product; the wild
type by 5WK, 5’-TTGTCATTTGTTGCTGTTCAATAGGAAGTT-3’, giving a 353 bp
product. A 20 µl reaction volume contained approximately 125 ng of the template
DNA, 25 ng of the primer 3M, 125 ng of primers 3FU, 5FU and 5WK, 1.5 mM
MgCl2, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 200 µM dNTPs, and 1 U Taq DNA
polymerase. PCR conditions (96 well plate on a Hybaid PCR machine) consisted
of 94°C for 3 minutes, 30 cycles of 45 s at 94°C, 45 s at 55°C, and 45 s at 72°C,
followed by an elongation step of 7 minutes at 72°C. Visualisation was on a 3%
agarose gel (Seakem ME) stained by ethidium bromide.

We found that no Leu181 mutations were present in the total 939 subjects
tested (MZ and DZ twins, available parents of DZ twins and unrelated controls).
Each run of the AS-PCR assay for Leu181 was accompanied by a successful
positive control run, and the wild type allele (Ile181) was detected in all cases.

As these DNAs have amplified at many other STR loci successfully, the only
artefactual explanation for this finding considered was the presence of interfering
factors introduced during processing that might specifically affect the Leu181
primer’s binding. However, dilutions of up to 1:99 of the known positive control in
pooled DNA from the twins did not interfere at all with detection of the (control)
mutant band present, making any contaminant hypothesis untenable. In addition,
we did not detect the Leu181 or Leu183 mutations using either the original ARMS
assay

To confirm our results, we performed direct sequencing, in the 19 subjects
with the highest summed skin prick test wheal diameters (geometric mean sIgE of
321.5 IU/ml) or their available parents (N= 20; 12 mothers, 8 fathers). Four of this
group had a maternal but no paternal history of symptomatic atopy. These
individuals would have a high probability of carrying a mutant allele according to
the earlier work1,3. This was performed at Sequana Therapeutics. A region of the
FcεRI β-subunit gene spanning part of the fifth intron and sixth exon and containing
the codons for amino acids 181 and 183 was amplified by PCR and sequenced by
automated, fluorescent cycle sequencing. Amplification was carried out using:
Asm F5,
5’-GATGGTAGGGAGATGAAAACAGGAG- 3’; and Asm B6,
5’-CAGCTCCACAGATTGTGAGTGACAC- 3’ producing a 177 bp product. A 20 ml
reaction volume contained 100 ng of the template DNA, 4 pmol of each of the Asm
B6 and Asm F5 primers, 10mM Tris-HCl, pH 8.3 (at room temperature), 2.5 mM
MgCl2, 50 mM KCl, 200 mM dNTPs, and 0.5 U Taq DNA polymerase. PCR was
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performed in a PE 9600 with the following conditions: 95oC for 1 minute, 25 cycles
of 15 seconds at 95oC, 30
seconds at 53oC, and 30 seconds at 72oC, followed by an elongation step of 2
minutes at 72oC. PCR products (5ml of each reaction) were run on an 1.5%
agarose gel for quantification and to observe the quality of the amplification.
Products were then ultrafiltered with Microcon 100’s. Cycle sequencing reactions
were performed according
to the protocol in Applied Biosystem’s "Taq Dye DeoxyTM Terminator Cycle
Sequencing Kit" on a PE 9600 using both the Asm F5 and Asm B6 primers.
Sequence analysis was completed with Applied Biosystem’s Factura and
Autoassembler programs.
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23 ANALYSIS OF FAMILY DATA

23.1 Mothers Questionnaire (Q4)

23.1.1 Preliminaries : Proxy information about other relatives obtained from
a proband (especially when the informant is a man) are known to be unreliable for
a number of chronic diseases. Originally, we had planned to mail a shortened
version of the Q3 to all contactable first degree relatives of asthmatic twins, but it
became evident that the size of this venture would have far outstripped resources.
As a result we decided to validate information on the mothers of twins directly, and
as one would expect her to be the best proxy informant, to also report on the father
of the twins, the twins themselves and their siblings. This was carried out by a
telephone interview (see Appendix 3).

The screening questionnaires (Q1 and Q2 - 1980, 1988 and 1989)
requested twins to make available names and addresses of their parents, spouse,
siblings, as well as their age and/or date of death. Of the 1961 families where a
twin received a Q3, there was identifying information for 1202 living mothers, and a
report of death in a further 302. This left 1659 mothers eligible for this part of the
study, of whom 457 were not directly identified by the twins. Mothers not identified
tended to be older, so it was likely that a number were not named because they
were deceased.

The interview was prompted by a computer generated individualised
questionnaire, which contained available contact information on the mother, and
twins, and names and dates of birth siblings for verification. Telephoning was
performed by eight interviewers, but two-thirds of interviews were carried out by
three of them. Data entry was performed from the interviewer completed
proformas.

23.1.2 Descriptive results - mothers : Useful responses were received
from 1110 mothers (67%), while a further 39 successful contacts found in 25 cases
that the mother was deceased, in six cases ill or demented, not able to speak
adequate English in five, and only four refusing to cooperate. This leaves 510
mothers who were not able to be contacted directly or through their children
despite multiple attempts.

A history of "ever" asthma or wheezing was reported by 282/1108 (25.5%) of
the mothers and 183 (16.5%) reported a doctor diagnosis of asthma. An episode
of asthma had occurred in the preceding two years in 161 (14.5%), and 67 (6%)
had been ever hospitalised for asthma. Only a quarter of those with a history of
wheeze reported episodes in childhood. Hayfever was present in 367/1109
(33.1%), and eczema in 160/1109 (14.4%). A third of the sample had ever
smoked, and 133 (12%) still smoked.

23.1.3 Descriptive results - fathers : These are proxy reports, and so may
underreport childhood and less severe wheezing. A history of ever wheeze in the
father was reported for 245/1095 (22.4%) - 11 mothers (of twins) stated they did
not know. A doctor diagnosis was present in 151 (13.8%), a history of
hospitalisation in 37 (3.4%), and 106 (9.7%) had wheezed in the last two years.

23.2 Non-genetic analyses
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Atopic conditions were all intercorrelated to the extent seen in the twins
(Table 23.1). However, the mothers reporting chronic bronchitis and/or emphysema
also reported a doctor diagnosis of asthma in half of cases (!). This association
was not mediated by age. In addition, smoking history was not significantly
associated with reported diagnosis of chronic bronchitis, emphysema, and although
current smokers were half as likely to report themselves as asthmatics compared to
both former and never smokers, asthma was neither positively nor negatively
associated with pack-years smoked.

390



Table 23.1 Associations between self-reported doctor-diagnosed allergic and
respiratory conditions (adjusted odds ratios, 95%CI’s) in mothers of twins with a
history of asthma/wheeze. Odds ratios are the first-order interaction terms from a
loglinear model including no higher order interactions (χ2

16=18.7, P=0.28).

Hayfever Eczema C Bronchitis Emphysema

Asthma 3.4 (2.4-4.9) 1.7 (1.1-2.6) 6.0 (4.0-9.2) 3.9 (1.3-12.0)

Hayfever 1.9 (1.3-2.6) 1.4 (0.9-2.1) 1.0 (0.4-3.0)

Eczema 1.4 (0.8-2.3) 0.9 (0.2-3.1)

Chronic Bronchitis 3.2 (1.1-9.7)

23.3 Cross validation

23.3.1 Validity of proxy information - twins on mother : Since
information on relatives other than the mother of the twins (if alive) will be proxy, I
will first examine agreement between the twins, and validate these against
maternal self-report. In the table, it can be seen that twins agree quite strongly
about parental asthma, hayfever, and to a lesser extent regarding eczema. Log-
linear models found no significant zygosity or sex effects on agreement (for
variation in reported prevalence χ2

2=4.33; for variation in agreement χ2
2=3.45).

Twins also were reasonably accurate in their reports of asthma in their
mother (Tables 23.2 and 23.3), as compared to maternal self-report at telephone
interview. Each twin contributed an equal amount of information in logistic
regression analyses. Using joint reports therefore (Table 23.4), a "narrow" proxy
definition of asthma, where the mother was deemed asthmatic only if both twins
reported the mother affected, had a sensitivity of 69% and specificity of 98%. A
"broad" definition, where a mother was scored affected if either twin reported her
as asthmatic had a sensitivity of 83%, but specificity of 94% (a higher Youden’s
index than the first definition). For hayfever, the "narrow" sensitivity and specificity
was 3% and 91%; the "broad", 83% and 78%. Eczema was again less
satisfactory, with "narrow" sensitivity and specificity, 28% and 99%, and "broad",
51% and 93%.

Table 23.2 Cohen’s κ for agreement between members of a twin pair for atopic
conditions (for all, SE=0.03). No zygosity or sex effects of significance.

Doctor diagnosis Mother Father

Asthma 0.79 0.74

Hayfever 0.68 0.59

Eczema 0.47 0.43

Table 23.3 Cohen’s κ for agreement between mother’s self-report and that of
members of a twin pair for atopic conditions
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Doctor diagnosis Twin 1 Twin 2

Asthma 0.72 0.72

Hayfever 0.57 0.57

Eczema 0.38 0.38
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Table 23.4 Validity of joint reporting by twins on their mother suffering an atopic
condition.

Twin
reports*

Asthma
(Q4 Item 3)

Hayfever
(Q4 Item 8)

Eczema
(Q4 Item 11)

+ − + − + −

++ 88 (88%)† 12 157 (79%) 42 28 (82%) 6

+− 17 (40%) 25 49 (45%) 59 24 (43%) 32

−− 22 (4%) 553 43 (11%) 353 49 (8%) 535

* Both report mother affected (++), one but not both (+-), or neither (--) report
mother affected.

† Number (positive predictive value).

23.3.2 Validity of proxy information - mother, cotwins on twins :
Mothers reported on doctor diagnosed asthma in their offspring, including therefore
the twins on whom we have independent self-report data on this condition. In
addition, the twins report both on themselves and their cotwin in Item 57 (Q3).
Examination of these results (Table 23.5) reveals that the individuals don’t even
agree with their self-report earlier in the questionnaire, though doing significantly
better than, in order, their cotwin and then the mother. This was not greatly altered
by limiting self-report diagnosis to Item 3 alone (not shown). The cotwin was more
informative than the mother (in logistic regression, the cotwin report versus self-
report OR=16.2, 95%CI=9.5-27.6; Mother OR=10.1, 95%CI=5.9-17.6), but the
mother contributed independent information (Table 23.6). A proxy diagnosis
scoring a single positive report as affected was more accurate than one requiring
two positive reports (κ=0.72 versus 0.58).

23.3.3 Discussion : The reliability and validity of proxy information depends
on the trait being studied and the informant. Herrman [1985] found that spouses
and next-of-kin of an index case responded fairly accurately via self-administered
questionnaire (compared to index self-report) regarding duration and quantity
smoked during the index’s lifetime (Pearson r=0.8-0.9), accurate to a lesser extent
for medical history (κ=0.4-0.5), and poorly for dietary intake of food groups (κ=0.1-
0.4). Severe illness, especially if it the cause of death, may be more correctly
reported. Kee [1991], for instance, claimed that 67 of 68 reported cases of
colorectal cancer among relatives of index cases could be validated via medical
records, with no unreported cases arising in the remaining 1743 first degree
relatives named.
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Table 23.5 Agreement between self-reported doctor-diagnosed asthma (in one
twin per family) and self-report (later in same questionnaire), as well as proxy
reports by cotwin and mother.

Doctor Dx
Asthma

(Q3 Items
3,8,13)

Self
(Q3 Item 57)

Cotwin proxy
report (Q3 Item 57)

Mother proxy
report (Q4 Item 26)

Yes No Yes No Yes No

Yes 573 57 320 123 255 140

No 28 838 40 541 37 512

Cohen κ 0.88 (0.83-0.93) 0.67 (0.61-0.73) 0.60 (0.54-0.66)

Sensitivity 91% 72% 65%

Specificity 97% 93% 93%

Table 23.6 Validity of joint reporting by mother and cotwin on an index twin
suffering doctor-diagnosed asthma.

Proxy
reports*

Asthma (Q4 Item 3)

+ −

++ 157 (96%)† 7

+− 70 (67%) 35

−− 46 (13%) 317

* Both mother and cotwin report index twin affected (++), one but not both (+-), or
neither (--) report twin affected.

† Number (positive predictor value).

23.4 Pairwise analyses: twins and parents

23.4.1 Proxy information and recurrence risk : The next test is to
examine recurrence risks for proxy and self-report diagnoses. Table 23.4 suggests
the following diagnostic algorithms might safely allow the supplementation of
parental self-report:

Mother

A self-report of the presence of (doctor-diagnosed) asthma: Affected.
A self-report of the absence of asthma: Unaffected.

If no self-report then:
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If both twins reported mother asthmatic: Affected.
If both twins reported mother nonasthmatic: Unaffected.

Father

A report by the mother that spouse asthmatic: Affected.
A report by the mother that spouse nonasthmatic: Unaffected.

If no report by mother then:

If both twins reported father asthmatic: Affected.
If both twins reported father nonasthmatic: Unaffected.

I have compared this to a full missing data model for maternal self-report
versus joint proxy reports - this efficiently uses the discordant proxy reports
otherwise discarded. The relevant complete table (Table 23.7) can be compared to
the simplified table using the above algorithm (Table 23.8, upper panel). A few
general comments may be made. Use of proxy reports increases the sample size
by a third (880+306). Note too that these tabulations do not include the cases
where the mother has been successfully contacted, but not both the twins. There
is also a suggestion that twins concordant for doctor-diagnosed asthma are more
likely to report the same disease in their parents (Table 23.8) - an effect not seen
in the maternal reports. This seems to be due to the fact that missing proxy
reports are more common where asthma is reported in the twins than when it is
absent in both (40% versus 30%) - the diagnostic rule assumes data is missing-at-
random with respect to proband status.

The recurrence risk of self-reported doctor-diagnosed asthma in the mother
does not differ where one or two twins are affected (common risk=0.187,
ASE=0.016), but is significantly higher (χ2

1=5.6) than that in pairs where wheezing
but no doctor-diagnosed asthma was present (risk=0.123, ASE=0.020). The
missing-data model for Table 23.7 reached essentially the same conclusions (risk
to mothers of affecteds, 0.185, bootstrapped SE=0.014; risk to mothers of
unaffected pairs 0.107, bootstrapped SE=0.017; χ2

1=10.5). The missing data log-
linear model comprised terms for the presence of maternal self-report O, maternal
self-report of asthma M, proband status T, and proxy report P, and was
O+T+M+P+T.M+P.M+O.P in the GLIM notation (overall model χ2

21=31.4, P=0.07;
the allowable higher terms O.T.P, M.T.P did significantly improve model fit - note
that O.M cannot be tested).

The models fitted to the algorithm derived proxies found the difference in risk
between proxy and direct report to be nonsignificant (χ2

1=2.9, P=0.08), and the
difference χ2

1 for risk to mothers of unaffected pairs (0.107, ASE=0.016) and
affected pairs (0.179, ASE=0.013) was 10.9 (cf 5.6), so biases are small. The
differences between recurrence risks for maternally and twin-reported paternal
asthma were much less (χ2

1=0.13), in keeping with the fact that both are proxy in
nature, and presumably are underestimating to the same extent. Again, recurrence
in fathers of pairs where both were affected did not differ significantly from those
where only one twin was affected (χ2

1=2.9), but was significantly higher than that to
fathers of unaffected pairs.

I conclude from this example that use of the simplified diagnostic rule used
does not greatly alter the conclusions reached when compared to a more complex

395



missing data model.

Table 23.7 Relationship between twin proxy reports, maternal self-report and the
twin probands’ affection status.

Affected twin
probands

Self-Report + Self-Report - No Self-Report

++† +- -- ? ++† +- -- ? ++† +- -- ?

Both Affected 18 2 5 2 0 6 95 26 12 4 35 37

One Affected 51 9 11 15 10 7 265 82 19 11 133 114

Nil Affected* 17 5 5 7 2 12 183 45 7 3 100 50

* Doctor diagnosis negative; one or more wheeze positive.

† Both twins report mother affected (++), one but not both (+-), neither (--) report
mother affected, or both reports not present (?).
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Table 23.8 Doctor-diagnosed asthma in mother and father of twins by maternal
report and proxy report by twins interpreted using simplified diagnostic rule.

Affected twin
probands

Maternal-reported diagnosis Proxy algorithm based Dx

+ - + -
Mother

Both Affected 27 (17%) 127 12 (26%) 35

One Affected 86 (19%) 364 19 (13%) 133

Nil Affected 34 (12%) 242 7 (7%) 100

Father

Both Affected 26 (17%) 124 12 (23%) 40

One Affected 60 (14%) 380 23 (14%) 136

Nil Affected 24 (9%) 249 7 (7%) 94

23.4.2 Phi models : Logistic regressions looking at parental recurrence
risk versus number of affected (doctor-diagnosed asthma) probands, proband
zygosity, sex and age (three birth cohorts 1920-39, 1940-59, 1960+) were first
performed - I have dropped the small number born before 1920 in this analysis.
The first model found no significant effects of twin zygosity or sex on recurrence
risk. The second modelled proband age and number affected, parental sex versus
recurrence risk (Table 23.9). There were no significant interaction effects. The
difference in recurrence risks to fathers versus mothers was just significant
(OR=0.8; 95%CI=0.6-1.0) and the difference for parents of affected and unaffected
twin pairs was constant over parental sex (OR=1.9; 95%CI=1.4-2.5). Recurrence
risk increased with birth cohort of the proband (χ2

2=7.1); the trend χ2
1=5.9

suggested a linear (-logit) model with risks for mothers of doctor-diagnosed
asthmatics over the three birth cohorts of 0.13, 0.16, 0.20; and fathers 0.10, 0.13,
0.16.
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Table 23.9 Smoothed recurrence risks (predictive 95%CI) under logistic regression
model for doctor-diagnosed asthma in parents (P) of twins with doctor-diagnosed
asthma or wheezing in the absence of such a diagnosis (T - number of twin
DrDxAs=0 v 1 or 2) versus twins’ birth cohort (B - three twenty year epochs). The
overall model fit for P+T+B was χ2

13=17.2 (P=0.19).

Parent and twin
affection status

Birth Cohort of twins

1920-39 1940-59 1960-

Mother Asthmatic
offspring*

0.10 (0.06-0.18) 0.17 (0.14-0.21) 0.20 (0.17-0.23)

Wheezy
offspring†

0.06 (0.03-0.11) 0.10 (0.07-0.13) 0.12 (0.09-0.15)

Father Asthmatic
offspring*

0.08 (0.05-0.15) 0.14 (0.11-0.17) 0.16 (0.14-0.19)

Wheezy
offspring†

0.05 (0.02-0.09) 0.08 (0.06-0.11) 0.09 (0.07-0.12)

* At least one twin proband diagnosed as asthmatic by a doctor; pair ascertained
through report of wheezing in at least one member.

† No proband diagnosed by a doctor as asthmatic; pair ascertained through report
of wheezing in at least one member.

A similar examination of the twin recurrence risks (Table 23.10) found the
DZ concordance rates to be over twice the parental recurrence risks. Since
mothers were on average 29 years older (median 28.5 years) than the twins (the
risk of twinning increases with age), the appropriate comparison is with the twins
born in the earlier born cohorts, but even these are larger. Genetic models will
tend to interpret this as dominance.
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Table 23.10 Smoothed recurrence risks (probandwise concordances and
predictive 95%CI) under logistic regression model for doctor-diagnosed asthma in
twin pairs by zygosity group (Z - MZ v DZ), sex (S three groups - same sex male,
same sex female and opposite sex birth) and birth cohort (B - three twenty year
epochs). The overall model fit for Z+S+B was χ2

9=10.2 (P=0.33).

Zygosity Group Birth Cohort of twins

1920-39 1940-59 1960-

MZ Females 0.52 (0.38-0.65) 0.49 (0.42-0.56) 0.59 (0.52-0.65)

Males 0.46 (0.32-0.61) 0.43 (0.34-0.53) 0.53 (0.44-0.62)

DZ Female 0.31 (0.20-0.45) 0.29 (0.22-0.37) 0.38 (0.31-0.46)

Male 0.27 (0.16-0.41) 0.24 (0.17-0.34) 0.33 (0.25-0.42)

Opposite
Sex

0.19 (0.11-0.31) 0.17 (0.12-0.25) 0.25 (0.17-0.32)

The phi model I have fitted to these data is not wholly satisfactory (Table
23.11). To obtain sensible estimates of the population prevalence of asthma
(<25%) for the youngest group, I included the data for recurrence risks in parents
of twin pairs suffering wheeze but not doctor-diagnosed asthma as if they are
parents of unaffected offspring (the recurrence risks in this group are close to what
I estimate as the population prevalence). This greatly stabilised the model estimate
of population risk. The best fitting phi model required the presence of additive and
dominance genetic covariation, a DZF special shared environment that I interpret
as some form of ascertainment bias. No sensible birth cohort effects were
supported, but parental sex effects on prevalence were present. Under the "best"
model, the population risk was 0.09; the recurrence risks for parents of twins with
doctor-diagnosed asthma was 0.13 for mothers and 0.15 for fathers (note these are
reversed compared to the analyses for parents alone); for MZ twins it was 0.52; for
DZ twins 0.23, with the exception of the DZ females, where it was 0.37. The
additive genetic variance was 0.011, the dominance variance 0.026 (a binomial
broad heritability of 48%).
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Table 23.11 Results of phi models for doctor diagnosed asthma in parents and
twins. Probands are stratified into three age cohorts - 1920-39, 1940-59, 1960-79.
Parents of members of each cohort are modelled as being born one or two twenty
year epochs earlier.

Prev Cov χ2 df P AIC

- C 229.4 25 0.00 +179.4

- A 129.1 25 0.00 +79.1

- A,D 47.1 24 0.00 -0.9

- A,AA 71.1 24 0.00 +23.1

- AAA 73.1 25 0.00 +23.1

- AM,AF,DM,DF 43.7 22 0.00 -0.3

- A,D,CDZX 45.8 23 0.00 -0.1

- A,D,CDZF 34.5 23 0.06 -11.5

Parental Sex A,D,CDZF 29.9 22 0.21 -14.1

Birth Cohorts A,D 45.8 22 0.00 +1.8

Linear (birth coh) A,D 40.6 23 0.01 -5.4

Linear (constrained) A,D 43.3 23 0.01 -2.7

Linear (con), Par
Sex

A,D,CDZF 29.9 21 0.09 -12.1
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23.5 Combination of data sources

23.5.1 Diagnostic algorithm : The multiple sources of proxy information
have been combined with the direct reports to allow analysis of relatives who were
not surveyed, to replace missing direct data for the twins, and examine self-
selection. Of the 1961 twin pairs where one or both completed Q3 Item 1
(Appendix 1), there were 19 questionnaires where the sibs reported on were
inconsistent - partly because of different names listed, but more often because data
entry was restricted to a maximum of eight siblings. These have been discarded
rather than reentered. In another 259 families where the mother was not
interviewed, no diagnoses of the sibs could be reached for either of two reasons.
In the first case, the twins completed a pilot version of the Q3, where the names of
sibs were not sought along with the diagnoses. In most cases where the mothers
of these twins completed the Q4, matching could be performed by age and birth
order. Other twins, who did not return the written Q3, completed the telephone
version, which did not include questions on relatives of the twins. A minor lapse
was that neither parents nor the twins were asked to report the sex of the siblings -
sex was unambiguously assignable by given name in 98% of cases (problems
being met only with names such as Kim, Lee, Pat etc). No significant deviation in
sex ratio using this method was found.

The following decision rules for the diagnosis of doctor-diagnosed asthma
were used:

Parents

As above.

Twins

A self-report of asthma: Affected.
A self-report that nonasthmatic: Unaffected.
If no self-report then:

If cotwin reported twin asthmatic: Affected.
If cotwin reported twin nonasthmatic: Unaffected.
Else if no cotwin report then:

If mother reported twin asthmatic: Affected.
If mother reported twin nonasthmatic: Unaffected.

Siblings

If two informants out of the mother and twins reported asthma in the sib:
Affected.
If both twin reports missing and the mother reported asthma in the sib:
Affected.
Else if no reports of asthma in the sib and any negative reports: Unaffected.
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The sibling rule re maternal report when both twin reports are missing is to
allow for the alternative forms of the Q3 alluded to earlier. I have not undertaken
further error analyses of these particular decision rules, and the genetic analyses
that follow assume perfect reliability of all diagnoses. The prevalence of reported
asthma is lower in the proxy reports than in the self-reports (Table 23.12 and
23.13).
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Table 23.12 Sources of information and conclusion reached about doctor-
diagnosed asthma in the parents of the twins using the diagnostic algorithm
chosen.

Parent
Mother’s report Twins’ reports No Information/

Unclassifiable
Yes* No Yes* No

Maternal asthma 181 (17%) 910 38 (12%) 273 559 {28%}

Paternal asthma 151 (14%) 923 42 (13%) 271 574 {29%}

* Round brackets denote percentage positive from that source of information.
Braces represent percentage of the total for an eligible parent (ie of 1961).

Table 23.13 Sources of information and conclusion reached about doctor-
diagnosed asthma in twins using the diagnostic algorithm chosen.

Self report Mother’s report Cotwin’s reports No Info /
Unclass

Yes* No Yes* No Yes* No

1327 (42%) 1801 48 (36%) 87 59 (31%) 129 471 {12%}

* Round brackets denote percentage positive from that source of information.
Braces represent percentage of the total sample of eligible twins (ie of 2×1961).

There were 1683 sibships where the members were identified by the twins
or the mother, containing a total of 6953 individuals (including the twins). A
diagnosis of the presence or absence of doctor-diagnosed asthma using the
present rules could be reached for every member of a sibship in only 1445 of
these. The size of sibships increased with year of birth of the probands, but was
homogenous over the period since 1940, when the bulk of the twins were born.
The distribution of sibship sizes was unimodal and truncate (with a minimum of two
- Figure 23.1). The distribution of affectation in sibships where at least one of the
twins was asthmatic is tabulated below (Table 23.14).
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Figure 23.1 Frequency distribution for sibship size where all individuals
named.23.5.2

Cl

assical segregation analysis : The mean recurrence risk in these sibships was
0.14 (95%CI=0.13-0.16). There was significant deviation from the binomial
distribution (χ2

946=1145.4; Tarone score test χ2
1=33.5), and the estimated within-

sibship correlation was 0.17, which could arise from either segregation, the
compound ascertainment (especially for DZ twins) or correlation in age (in view of
the increasing prevalence by birth cohort).

Examination first of segregation ratios in families ascertained through MZ
pairs with one or more affected - treated as a single singleton ascertainment (Table
23.15) - shows a pattern consistent with intermediate to dominant inheritance.
Segregation ratios for DZ families are quite similar (Table 23.16), estimated in this
case using the "singles" method described by Davie [1979], save that birth cohort
differences are more evident. For comparison sake, the MZ ratios obtained via the
singles method are U×U: 0.27 (0.02); U×A: 0.36 (0.03); A×A: 0.46 (0.08) - I have
not formally examined the question of ascertainment here.
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Table 23.14 Segregation of asthma in sibships ascertained through one or more
affected twin probands.

Sibship
Size
(N)*

Number of nonproband asthmatic individuals in sibship

0 1 2 3 4 5 6

0 (152) 152

1 (327) 276 51

2 (302) 222 73 7

3 (174) 111 47 13 3

4 (62) 34 18 7 1 2

5 (46) 36 6 4 0 0 0

6 (36) 26 7 2 1 0 0 0

* Excluding the twin probands.

Table 23.15 Segregation ratios for doctor diagnosed asthma in families of MZ
twins of whom one or both is affected. Ratios were estimated treating MZ pairs as
a single proband (single ascertainment) and are the Southward-Van Ryzin weighted
[Mak 1988] mean proportion affected per sibship (with intrasibship-covariance-
corrected standard error).

Families used
Mating type

U×U U×A A×A

All families 0.09 (0.01)* 0.19 (0.03) 0.41 (0.08)

Probands born 1960-79 0.12 (0.02)* 0.24 (0.04) 0.33 (0.16)

Probands born 1940-59 0.11 (0.02) 0.18 (0.05) 0.67 (0.27)

* Significant Tarone test for extrabinomial variation.
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Table 23.16 Segregation ratios for doctor diagnosed asthma in families of DZ
twins of whom one or both is affected. Ratios were estimated using the singles
method [Davie 1979] (with approximate standard error).

Families used
Mating type

U×U U×A A×A

All families 0.16 (0.01) 0.26 (0.02) 0.30 (0.08)

Probands born 1960-79 0.20 (0.02) 0.28 (0.03) 0.27 (0.09)

Probands born 1940-59 0.10 (0.02) 0.24 (0.04) 0.50 (0.24)

23.5.3 Age-at-onset : I was interested to duplicate the analysis of Spain &
Cooke [1924] presented in Table 5.1 looking at age-at-onset of doctor diagnosed
asthma versus parental mating type (Table 23.17). In 707 families with complete
information (treating parents as affected if either self-report or a positive report by
both twins is present), there is the same finding of later age-at-onset in the
"sporadic" cases. For parental asthma (upper panel), the Mantel-Haenszel trend
χ2

1=9.47 for the double entered table; this is still significant after deflation by a
factor 707/921 (actual families versus probands). A similar effect (less strong) is
seen for parental asthma/hayfever - uncorrected Mantel-Haenszel trend χ2

1=5.66
(adjustment 743/987; the analysis taking one proband per family suggests this
approach to be correct - χ2

1=4.43).
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Table 23.17 Age of onset in proband with doctor-diagnosed asthma and parental
affection status for doctor-diagnosed asthma (upper panel) and atopy defined as a
doctor diagnosis of asthma or hayfever (lower panel - cf Table 5.1). Double
proband families are entered twice in the first three columns, but the totals in the
final column are actual number of families. Round brackets are percentage within
each mating type; braces, the percentage of total number of families).

No. parents
affected

Age of onset

1-5 yo 6-10 yo >10 yo Total

Nil Asthma 181 (28%) 124 (19%) 332 (52%) 493 {70%}

One Asthma 101 (38%) 51 (19%) 115 (43%) 201 {28%}

Both
Asthma

6 (35%) 6 (35%) 5 (30%) 13 {2%}

Nil Atopy 111 (26%) 83 (19%) 240 (55%) 346 {47%}

One Atopy 156 (34%) 88 (19%) 219 (47%) 335 {45%}

Both Atopy 29 (32%) 17 (19%) 44 (49%) 62 {8%}
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23.6 Asthma: complex segregation analysis

I have performed segregation analyses of the doctor-diagnosed asthma data
just described using REGD from the SAGE package, which allows only limited
modelling of a polygenic background to a major gene. The Class A regressive
logistic model includes an autosomal major gene effect, and a residual parent-
offspring (and marital) correlation. The model fitted is slightly kludgy, as unlike
MENDEL, REGD does not allow modelling for MZ twins.

All nuclear families where Twin 1 (ID number 01) suffered from asthma were
analysed. If the cotwin was MZ, he/she was deleted. Year of birth was included
as within a twenty-year epoch as before, and was modelled as a linear regression
on prevalence. Ascertainment correction was performed by conditioning the
likelihood on the phenotype of Twin 1. This analysis uses data from 715 nuclear
families containing 3469 members with useable information.

I was unable to fit models incorporating a non-major-gene parent-offspring
correlation, either in isolation, or as background to a major gene - on each
occasion the trait prevalence went to the lower bound (set at 0.01). The major
gene model fitted well (Table 23.18, Model 3). This model corresponds to a gene
with q(A)=0.029 (approximate 95%CI=0.003-0.054), fAA=0.00 (0.00-1.00), fAB=0.51
(0.29-0.72), fBB=0.06 (0.03-0.12). This rare, essentially additive gene model gives a
trait prevalence of 0.09, an additive variance of 0.0099, dominance variance of
0.0007, MZ recurrence risk of 0.21, and DZ and parent-offspring recurrence risk of
0.14. These agree closely with the results of the earlier analyses in this chapter.
Fixing the gene frequency and taking the extremes of the confidence bounds on
the penetrances suggests an approximate bound on the MZ recurrence risk could
run from 0.12-0.28, and DZ from 0.08-0.22.

The model does seem to account for the observed data reasonably well, but
I accept it only provisionally - in view of the difficulties encountered with the full
Class A model, and the inability to fit a Class D model. It is certainly unlike the
other genetic models described in the literature, where high gene frequencies are
the rule.
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Table 23.18 Likelihood ratio χ2 comparisons of segregation hypotheses for doctor-
diagnosed asthma.

Model LLik # Pars LR χ2 v
Model 1

df P

Monogenic hypotheses (no sex effects, linear effect of birth cohort)

1 Unrestricted* -1265.5 9 0.0 0

2 Mendelian transmission;
free genotype
frequencies

-1268.4 6 5.8 3 0.12

3 Mendelian transmission;
Hardy-Weinberg
genotype frequencies

-1268.1 5 5.2 4 0.26

* Freed parameters: τ11, τ12, τ22; P(g11), P(g12), P(g22); αg11, αg12, αg22; γcohort (following
Section 9.3).

23.6.1 Conclusions : The diagnostic rules used to improve the reliability
and validity of proxy reporting were imperfect, tending to underdiagnose doctor-
diagnosed asthma. It should be possible to improve on these both in the classical
and complex segregation analyses, using some form of weighting based on the MZ
and DZ recurrence risks and the correlations between self-report and proxy report
of Section 23.3 (as in LOGLIN). This would lead to some loss of (false) precision
in the estimates of the segregation parameters, but the sample size is probably
large enough to support this analysis. I will defer discussion of the substantive
results of the segregation analyses to Chapter 24.
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24 CONCLUSIONS

Earlier (Section 12.2), I listed some hypotheses which might be answered by
the work I have carried out. Briefly, my answers to these questions are:

(1) asthma and allergy are heritable (with approximately half to two-thirds of
the population variance under genetic control).
(2) The atopic predisposition is general rather than specific (Chapter 19),
though particular patterns of sensitisation to allergens were detected, and a
major gene may be important for asthma (Chapter 23)
(3) disease specific genetic influences are detectable, especially in the path
analyses of Chapters 14-15.
(4) I was not able to test the influence of ADA (due to time constraints), but
the high affinity IgE receptor β-subunit was not linked to atopy, asthma or
bronchial hyperresponsiveness (Chapter 22).
(5) Nonallergic asthma seems genetically distinct from allergic asthma
(Chapter 19).
(6) Asymptomatic BHR is increased to a greater extent in cotwins of
asthmatic MZ probands than DZ probands, suggesting they are associated
genetically (Chapter 20).
(7) Allergy is a risk factor for BHR (Chapter 19).
(8) Bimodality of BHR was seen in probands as well as MZ cotwins, which is
not consistent with the effects of a major gene.
(9) Some known risk factors were confirmed in MZ cotwin-control studies
(Chapters 18 and 19).
Other hypotheses which were addressed elsewhere : (10) Recent increases

in incidence of asthma are not due to changes in gene frequency (Chapter 17).
(11) Disease concordant twin pairs are more likely to take part in studies of that
disease (Chapter 21). (12) Allergy to introduced temperate climate grasses is
higher in the southern states of Australia (Chapter 19). (13) Proxy reporting of
asthma in relatives is useful but imperfect (Chapter 23).

The support for these assertions will be reviewed in more detail below, but I
will start with remarks about the design and execution of the project.

24.1 Limitations

During the course of any scientific endeavour, one becomes aware of
weaknesses in the design, implementation and data analysis - the present study is
no exception. The sampling of twins for the Q3 is the most annoying to me in
retrospect. This questionnaire should have been sent to all twins, and not just
those screening positive for wheezing.

Since wheezing was such a prevalent symptom, the additional expense of
mailing questionnaires to screen negative pairs would have been relatively small,
and the examination of recurrence risks then less subject to the vagaries of
ascertainment. The methods of classical human genetics for examining rare
mendelian traits are less applicable to multifactorial diseases where recurrence is
relatively high among relatives of unaffecteds. Dealing with less than perfect
diagnoses based on questionnaires also means large samples are needed to
estimate and model measurement error - samples including affecteds and
unaffecteds.

Another area of dissatisfaction is the use of a single switch question on
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wheezing at the beginning of the Q3. Given the unreliability of self-report,
individuals should have been given more than one (or two) opportunities to recall
wheeze. On the questionnaire described by Mitchell and Miles [1981; see also
Duffy & Mitchell 1993], some parents who had denied that their children ever
wheezed then stated that they wheezed "constantly" when they had colds. The
comparison in Table 23.5 (Q3 Item 3 v Item 57) adds weight to this contention,
although the difference in question type and the exact nature of the diagnosis
enquired after differ.

Finally, time constraints have meant that aspects of these data have not
been as fully analysed as I would prefer. This is true of much of the conventional
epidemiology (eg occupation, smoking) of asthma, as well as the genetic analyses
such as those in Chapter 23. These will continue of course.
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24.2 Methodologies

24.2.1 Questionnaires : It is important to use standardised questionnaires
for the study of asthma because of the problems producing diagnostic criteria. At
the same time, genetic studies have data requirements different from those a
cross-sectional prevalence study might have, such as a stronger need for estimates
of lifetime cumulative risk rather point or period prevalence. I have therefore used
purpose written questionnaires that try to include key items from widely used
questionnaires. Many of the items I have used arise from the Tasmanian Asthma
Foundation Questionnaire, which has formed the basis for another large Australian
genetic epidemiological study of asthma that has recently been completed (follow-
up of the Tasmanian Asthma Survey).

Diagnosis has been superficial to some extent in that I have not tried to
refine diagnosis by using exclusion criteria. These might have included using the
MRC chronic bronchitis criteria to relabel wheeze in some individuals as
nonasthmatic in nature. Instead I have examined multiple diagnostic thresholds
based on simple rules, such as wheeze or doctor-diagnosis of asthma, and looked
for conclusions that seem to be consistent across different classifications. I do not
think this approach is misleading.

24.2.2 Phi models : I have described and used some new extensions of
methods for the analysis of recurrence risks - what I have termed phi modelling. I
think this approach has some advantages as well as disadvantages compared to
others such as the MFT model.

Firstly, it is additive rather than multiplicative on disease risk. Rothman
[1986] and others have argued that an additive approach such as this is the most
natural way to discuss causation, in the absence of information about the exact
mechanism of a relationship between, in this case, genetic and environmental
influences and asthma. In the case of a monogenic trait, it is especially
appropriate, as the MFT is not. Just because it is mathematically more convenient
to use the logistic or probit approach does not mean that influences such as gene
dose, age, sex or dustiness of a house act on the probability of an individual
exhibiting disease in this way. The case of continuous traits is in many ways
easier. It should be added that since population risk ratios, and ratios of PRRs
between different classes of relatives tend to take values close to two [Risch 1990;
Aalen 1989; Hopper & Carlin 1992], multiplicative and additive models often are
difficult to distinguish.

Secondly, the property of additivity does meet problems with the bounded
nature of recurrence risk. This is especially the case for common diseases such as
asthma and atopy, and means that interpretation of quantities such as genetic
variance are not straightforward. However, interpretation in the MFT can be
difficult as well (eg certain sex-limitation models).

A final problem arising from this second point is how best to extend phi
models to multivariate (ie multitrait) genetic analysis, and to pedigrees. As I
discussed in Section 9.1.1.2, univariate extension to sibships under asymptotic
theory has already been performed in other contexts, and so estimation of
interclass and intraclass covariances and standard errors for use in (modified eg
WLS) path analyses should be straightforward. Whether some form of genetic
mixed model might also be feasible or desirable is another question. An exact ML
approach to multitrait problems might be more difficult. Measured genotype
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analyses to detect residual genetic effects will be straightforward [cf Rotter &
Landaw 1984].

The applications of this method in this thesis have met with mixed results. I
am most satisfied with their performance in the case of the complete data
examined in Chapters 14 and 17, and think an additive rather than multiplicative
model fits the data better. For the material in Chapters 19 and 23, where
ascertainment again is complicated, results were more inconsistent. Addition of a
control group in the conditional analyses (Section 23.4.2) greatly improved
precision of parameter estimates, because the intercept (cumulative incidence) was
tighter - bound between the recurrence risk to relatives of cases and controls.

24.2.3 Cotwin-control analyses : In Chapter 11, I demonstrated that
differences between MZ and DZ associations between a trait and covariate can be
interpreted in genetic terms. I regard this type of analysis as inefficient in many
ways, but it does have the advantage of circumventing specification of the
ascertainment process. In Chapter 20, I showed that there were ascertainment
biases due to self-selection of concordant pairs into the clinical testing phase -
though these had relatively small effects on estimation in genetic models as shown.
If anything, they decrease heritability estimates, and increase cultural
transmissibility as MZ and DZ concordances would be pushed closer together
(most evident for the DZ female group). Therefore, the cotwin-control analyses
have a role to play, but a limited one.

24.2.4 Bronchial challenge etc : I found the Yan protocol easily used for
field work, which was to be expected in view of the large population samples
successfully examined by other groups. I have not yet performed analyses to
determine whether the final dose of histamine (3.9 µmol of His) adds much
precision to estimating dose-response curve parameters; it does certainly increase
discomfort to the recipient in terms of minor side effects. Skin prick testing was
also easily performed. Most clinical protocols add an extra five minute delay prior
to reading (ie from ten minutes to fifteen minutes). There were two or three cases
where a wheal did not exceed the used threshold of 3 mm greater than control until
15 minutes had passed - use of a threshold of 2.5 mm would remove this problem.
An additional five minutes per pair of twins examined would have limited the
number tested only on our busiest days.

24.3 Asthma

Wheezing was a common symptom among adult members of the Australian
NHMRC Twin Registry, and incidence seems to be increasing. A report of ever
wheezing was made by 13% of 18-25 year olds in the 1980 survey. A further 8%
of these individuals reported developing wheeze by 1988, when they were
resurveyed, giving a cumulative incidence to age 26-33 of 21%. The birth cohort
preceding them (aged 26-35 years in 1980) when at approximately this age in 1980
only reported a lifetime cumulative incidence of 14%, suggesting either forgetting
(which is very likely to explain part of this finding) or an increase in disease
affecting all ages. Suggestively, a lifetime cumulative incidence of 21% was
reported by 18-25 year olds reporting wheezing in 1989, supporting the second of
these alternatives. Other Australian studies have reported similar rates of
wheezing in adults as noted earlier [Peat 1992; ABS 1991].
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In the followup of the original 1980 (Canberra) cohort, new wheezing was
more common among women than men, as was not the case in either this group at
baseline or the younger twins in 1989. In the NHANES followup study [McWhorter
et al 1989], a similar excess of new reports of wheezing were found in women
aged thirty and onwards: compared to males - baseline prevalence OR=1.0; follow-
up incidence OR=1.4. In the present study the baseline odds ratio was 1.0, and
follow-up incidence OR=1.5. The age at onset of asthma in women tends to be
later than that seen for men in both the current study and those described in the
literature.

It was not until 1991 that twins were first questioned in detail about asthma.
I have used missing-data log-linear models to estimate the lifetime incidence of
doctor-diagnosed asthma in 1980 combining the Q3 and Q1 results. These models
required a number of assumptions to be made about both the mechanism of loss to
followup over 12 years, but also the reliability of recall and of diagnosis - they might
be regarded with a little skepticism. Reassuringly, the estimates obtained (9%,
95%CI=7-11%) agree with those of Woolcock [1987] - 9.0% for Busselton WA in
1981.

Focussing now on groups that might meet the clinical diagnosis of chronic
asthma, 3% of those questioned in 1980 reported suffering wheeze "frequently"
(Table 14.1), and as Table 21.1 shows, 90% of the members of this group tested
were hyperresponsive to histamine 13 years later. Of individuals reporting distant
(childhood) or infrequent symptoms (10% of the sample), 55% were
hyperresponsive. This suggests that (very) approximately 8% of the sample at that
time had "confirmable" asthma - symptoms plus BHR later. Hyperresponsiveness
increases with age, so less than this proportion may have been "confirmable" in
1980.

24.3.1 Phenotypic heterogeneity : The first evidence of heterogeneity I
have presented was in Chapter 16. I used genetic analyses to show childhood
onset wheezing differed from wheezing with reported first onset after 14 years of
age (Table 16.5). This immediately highlights a strength of family studies over
conventional analyses. However, the genetic survival analysis I subsequently
performed of the detailed 1991 followup questionnaire did not detect a correlation
in age at first attack (Section 18.5.1). One possible reason for this is that the
earlier analysis is naive in allowing for censoring - that is, individuals with early
onset disease may not develop later onset disease. The analysis of Table 16.7,
however, is a time series analysis for the two periods, and is not open to this
criticism, in that it allows for development of new disease as well as remission of
earlier disease. This suggested that there were genetic and environmental
influences specific to the development of new asthma in the period 1980-88.

The traditional division of asthma is into atopic and nonatopic asthma. The
latent class analyses performed in Chapter 18 would tend to support this idea, as
do more critically the loglinear analyses using twins (Table 19.16-19.18), which
suggest aggregation of atopic and nonatopic asthma within different twin sibships.
These latter analyses suffer from small numbers in the nonatopic group, so power
was not great, especially to detect whether this was due to genetic factors as it
presumably was. The multivariate genetic analyses (especially that of Section
20.4.1) suggested that BHR, used as a measure of asthma, had genetic and
environmental specific factors other than those involved in atopy, as measured by
total sIgE and D pter sensitisation.
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From this I conclude that nonatopic asthma is in fact an entity distinct from
atopic asthma, probably genetically (the sample size limits the power to test this
last point). I have described MZ pairs where one member suffers atopic and the
other nonatopic asthma, so it seems likely that some nonatopic asthma must be
occult atopic asthma. However, these examples were very few. Recent papers in
the clinical literature [eg Sue et al 1992] have examined the question of whether
expanding the number of allergens tested might uncover a large number of such
occult cases, and concluded it does not. More paradoxically, if genes (say) for
nonatopic asthma exist, and act completely independently from atopy genes, atopy
is so common that many "nonatopic" cases of asthma will be associated with an
irrelevant atopic diathesis. I think it would be more likely that such asthma genes
would interact with atopy - that is act epistatically - such as in the model Sibbald et
al [1980] suggested.

24.3.2 Environmental determinants : The MZ cotwin-control analyses of
Section 18.3 and 19.2 measure covariance between wheezing and other variables
which cannot be genetic in nature, though they may be due to external
environmental factors, or to internal physiological mechanisms. For example, a
recalled history of "colds or chest trouble" before the age of two was associated
with wheezing (Table 18.21 and 18.22). This type of retrospective data cannot
determine whether early viral RTI leads to asthma, or a tendency to asthma
predisposes to early viral RTI. Similarly, the diameter of the D pter wheal on skin
prick testing was associated with asthma (Tables 19.13-19.15). However, wheal
size for other allergens such as rye grass was not so associated in the MZ twins,
suggesting a specific relationship for D pter. Asthma might cause increases in D
pter sensitisation alone - perhaps inflammation of the airways chronically activates
antigen presenting cells so that responses to allergens impacting in the lung but
not the nose are preferentially amplified. The reverse hypothesis that increased
exposure and sensitisation causes disease, as discussed in Section 19.2, does
seem more parsimonious.

Different rates of sensitisation to allergens such as the grasses, and
cockroaches, were seen in asthmatics from the different states. This was in
keeping with the distribution of the grasses at least. I had no prior expectations
regarding differences in cockroach sensitisation (although New South Wales
football supporters are known affectionately as Cockroaches in Queensland!). The
mean prevalence seen here was higher than those found in clinic testing of
asthmatics, and a role for sensitisation to cockroach allergen in the aetiology of
asthma and elevated IgE in Australia surprised some workers in the area
[Woolcock, personal communication]. The seasonality of exacerbations of asthma
is well known, and the curve seen in Figure 18.3 matches the results of analysis of
acute hospital presentations with asthma in Australia. For example, Derrick [1972]
found that through the 1960s, Brisbane asthma was worst in April-May, with a
second peak in October. In the case of hayfever, the spring peak is clearly due to
the high grass pollen counts seen at this time, but I am reluctant to accept this as
sole explanation in the case of asthma for two reasons. The first is the relative
importance of house dust mite to asthma as compared to the pollens. The second
is the gradual rise in reports of exacerbation throughout late winter, which cannot
be explained by pollens. Derrick comments "seasonal...pollen [increases]...may
make a minor contribution to spring asthma, but have no relation to autumn
asthma". However, Suphioglu et al [1992] have shown in Melbourne that
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submicronic particles derived from rye grass pollen (starch granules containing Lol
p IX) are released during rainy periods, are small enough to enter the lung, and do
precipitate asthma. As half of the twins come from that city, this mechanism may
well be important.

The curve is very similar to another I have analysed, that of asthma risk
versus birth month [Duffy & Mitchell 1991]. There I considered whether variation
could be explained in terms of seasonal changes in house dust mite allergen
levels, or perhaps respiratory tract infection. There is apparently little variation
across the seasons in D pter allergen load in Australian homes [Tovey, personal
communication], though there is in mite counts, as reviewed in Chapter 2.

24.3.3 Genetic determinants : In Table 24.1, I compare phi models for
recurrence risk in the present study and a number of other studies reviewed in
Chapters 5 and 7. The first pattern that emerges is the higher prevalence of
asthma in Australia, especially compared to the studies from Scandinavia, which
are characterised by large sample sizes and small prevalences. The second point
is that a global model with fixed covariance and varying cumulative incidence for
different countries and definitions of disease does not seem feasible. Given this
fact, comparing the variance components in the fourth and fifth columns (additive
and dominance components respectively) is difficult (I am not able to calculate
confidence intervals for a number of the older studies because I lack the raw data
or because data is clustered - derived from pedigrees). Speaking semi-
quantitatively, there does seem to be some agreement on the estimates for the
additive and dominance variances in studies where the prevalences are similar.
Dominance was detected in most of the studies with the appropriate classes of
relatives, but epistasis was seldom supported. Therefore, a single major gene
model might fit, as was found to be the case in Chapter 23.

The "heritability" in the final column is one attempt at a common metric
(always a smaller number than that estimated under the MFT); another is the
predicted MZ population relative risk (1+σG

2/Prev2). Both measures behave in a
nonlinear fashion (hardly surprising in view of their definitions). Predicted PRRMZ is
very dependent on baseline risk, especially when this is low where a small linear
increase in baseline risk with constant covariance gives a geometric rise in PRR.
Another example is the results from the current study moving from the broad
diagnosis of wheeze to a tighter (nested) one of doctor-diagnosed asthma. The
estimates of genetic variance did not change greatly moving from wheeze to
asthma, so that gene penetrances seemed to change in a linear fashion as the
diagnostic threshold moved.

Are there genes of major effect acting on asthma? I commented earlier that
the recurrence risk figures are within the range where a single major locus could
explain the findings. Figure 24.1 shows the plot after Suarez [1978] (again
produced by brute force evaluation of a grid of values rather than analytically as in
that paper) that shows this is in fact the case. Which leads to discussion of the
segregation analysis of Chapter 23.

The segregation ratios of Tables 23.15 and 23.16 are similar to those
reported by other authors. For example, the ratios (ASE) for wheezing in
Queensland schoolchildren [Duffy & Mitchell 1993], using the method of Li and
Mantel [1969], were: U×U 0.061 (0.004); U×A 0.218 (0.010); A×A 0.346 (0.024).
These are all suggestive of intermediate near(er) dominant inheritance.

416



Table 24.1 Results of the present study compared to those from the literature - phi
models of pairwise recurrence risks (and one segregation analysis).

Study Trait Prev* A D PRRMZ σG
2/σP

2

Scandinavian studies

Schwartz (1952) Asthma 0.01 0.0014 0.0005 21 0.20

Edfors-Lub (1969) Asthma 0.03 0.0000 0.0093 10 0.30

Nieminen (1991) Asthma 0.02 0.0015 0.0006 8 0.12

Other studies

VanArsdel et al
(1959)

Atopy 0.07 0.0675 -- 3 0.14

Leigh & Marley
(1967)

Asthma 0.03 0.0035 0.0059 12 0.33

Sibbald (1980) At Asthma† 0.03 0.0069 0.0000 9 0.21

Virginia "30000"
(1989)

Asthma 0.06 0.0110 0.0060 7 0.33

Dold (1992) Asthma 0.04 0.0066 -- 5 0.17

Turner et al (1974) Wheezing 0.24 0.0340 -- 2 0.19

Miles et al (1992) Wheezing 0.15 0.0363 0.0542 5 0.70

Present study

Q1 (1980) Wheezing 0.13 0.0050 0.0394 4 0.39

Q1 (1989) Wheezing 0.21 0.0286 0.0228 2 0.29

Q1 & Q3 (1980/1991) Asthma 0.08 0.0000 0.0360 7 0.49

Q1 & Q3 (1989/1991) Asthma 0.09 0.0150 0.0200 5 0.43

Q3 & Q4 (1991/1992) Asthma 0.09 0.0110 0.0260 6 0.48

Q3/4 Segregation Asthma 0.09 0.0097 0.0007 2 0.13

* Prevalence in base group in model. "Heritability" varies in models where
prevalence varies across strata but covariance remains constant.

† Atopic asthma.
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Figure 24.1 Admissible values of σd
2 and σa

2 under single gene models with
trait prevalence 8.5% to 9.5%. Arrow marks parameter estimates from the
present study.

The Class A regressive model offered by SAGE is not a good alternative to
a full mixed model, because of the inability to deal with residual intrasibship
correlation not explainable by a parent-offspring correlation. The resulting major
locus model had minimal dominance. The earlier results of the present study as
well as those from the literature suggest a role for dominance in asthma, so this
reinforces my distrust of the result.

The linkage results of Chapter 22 exclude linkage between an atopy gene or
BHR gene and the chromosome 11q markers used in a significant proportion of
families. I still think that the linkage results described by the Oxford group are not
artefactual, but the proportion of linked families must be lower than they have
estimated in view of the large number of negative replications. If linkage is tight,
heterogeneity absent, and gene effect large, as would be the case if a
polymorphism in the high affinity IgE receptor β-subunit was central to atopy, use of
differing phenotype definitions (total sIgE alone, skin test positivity, history of
asthma or rhinitis etc) should not greatly alter the results of linkage analysis for
FcεRI-β-ca. In the cases of previous false-positive linkage in complex traits, there
was not the unequivocal replication in new families as has been seen for the 11q
linkage.

With respect to maternal transmission of atopy, whether via imprinting or
maternal effect correlated with genotype (gene-uterine-environment covariation), I
was not able to confirm this using linkage analysis within different mating types.
Because parental DNA was not collected at the time, IBD scores were estimated
for the sib-pairs with some loss of efficiency, although both markers were highly
informative. An examination of parental origin of markers was not possible
(although we are currently collecting samples from the parents of the twins
involved). I am suspicious of the recent spate of epidemiological reports of a
maternal excess of atopy in families of atopic probands [eg Åberg 1993] - some of
these effects may be due to reporting bias in females (as noted earlier). The
patterns of parent-offspring correlations in sIgE level seen in Turner et al [1974]
and Lebowitz et al [1974] cannot be so explained.

24.3.4 Biochemical correlates : I refer here to measures such as serum α-
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1-antitrypsin, angiotensin converting enzyme, and haptoglobin levels. In the
cotwin-control studies, none of these measures was associated with wheezing.
Serum haptoglobin was in fact higher in the wheezing twin, contrary to the findings
of Kauffman [1991]. Level of α-1-AT does not allow the reliable assignment of Pi
type - I have reviewed the evidence earlier that Pi type, or perhaps elastase (rather
than tryptase) inhibitory capacity might be better correlated with asthma (Chapter
3). The serum ACE level is increased in several lung conditions, but obviously not
in asthma.

24.4 Hayfever

The cumulative incidence of hayfever in the twins was high - I estimated
doctor-diagnosed rhinitis at one-third of the 1980 cohort. Most authors (Chapters 1
and 2) would reserve the term hayfever for seasonal allergic rhinitis - a summer
catarrh in temperate climate countries, but the Australian respondents to these
questionnaires (as well as myself) seem to use it more loosely to describe any
recurrent rhinitis not associated with infection. Seasonality in symptoms was most
marked in more temperate climates in Australia, such as that experienced by the
Victorian twins that make up approximately half of the sample. Exacerbation in the
month of October (mid-spring) was reported by half of the Victorian twins, 60% of
those from South Australia and two-thirds of those from the Australian Capital
Territory. This was the peak month reported by these southern twins, and
suggests that at least half of those reporting hayfever suffer pollen induced allergic
rhinitis. Confirmation for this statement comes from the results of the skin prick
testing, where these three states had the highest rates of sensitisation to rye
grass - grass pollens are more strongly associated with hayfever than asthma.
Pollen counts increase in October-November in Queensland (notably Bermuda
grass) [Derrick 1972] and in November-December in Melbourne (especially rye
grass) [Hill et al 1979].

24.5 Eczema (atopic dermatitis)

Childhood eczema was reported by approximately 2% of twins born prior to
1920, and rose linearly to 14% of those born 1964-71 (Table 18.15). Some of this
trend may be due to failing memory, however sequential questionnaire surveys of
5-7 year old children in the UK obtained prevalences of 5% of those born around
1940, 7% for 1951 and 12% for 1965 [Larsen & Hanifin 1992], rates well within the
confidence limits for the equivalent rates in the ATR. Larsen and Hanifin comment
that they think the cumulative incidence of true atopic dermatitis would be less than
this, though Larsen et al [1986] found a rate of 10% in Danish twins born 1970-74.
There was a slight excess of females reporting childhood eczema (OR=1.2); the
usual sex ratio (F:M) is around 1.4 [Larsen 1993]. Unfortunately, I have not
performed many analyses involving risk factors for eczema per se that might
explain this increase. I did show in cotwin-control studies that childhood eczema is
phenotypically associated with asthma, and it seems likely that factors that increase
atopic asthma will also increase atopic dermatitis.

24.6 Bronchial hyperresponsiveness

Most of the information collected in this study on BR is in the context of
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asthma, or in relatives of asthmatic probands. It therefore does not address the
question of nonspecific bronchial responsiveness in the population. If the
population prevalence of BHR is 10-15%, risk of BHR was increased 1.5-2 fold in
nonwheezing cotwins, 3.5-4 fold in twins who had not wheezed in the previous
twelve months, and 4.5-6 fold in those wheezing more recently.

In those with a history of wheeze, bronchial responsiveness was correlated
with house dust SPT wheal diameter, total sIgE, recency of wheeze (and through
this, male sex). In other words, BHR was independently associated with atopy and
with severity of asthma. The multivariate genetic analyses further suggest that
there are genetic influences specific to BR, as well as those it shares with atopy.

24.7 Total serum IgE levels

Serum immunoglobulin level in twins with a history of wheeze was
associated with positive SPT to a variety of allergens and recency of wheeze, as
well as (predictably) decreasing with age. In stepwise regression, four SPT results
could be entered before other skin prick results failed to contribute any more
information. One of the significant predictors was cockroach sensitisation - again
suggesting this allergen has an important role to play in allergy in Australian
asthmatics, as well as those in the US. In fact, the predictor SPTs were two
prototypical allergens from each group recognised in the factor and latent class
analyses of Section 19.1 - cockroach and house dust mite for the "indoor", rye
grass and Alternaria for the "outdoor" group.

The results of the univariate genetic analysis of total sIgE from the present
study were quite consistent with the now quite considerable literature on this trait.
That is, evidence for dominance was largely absent, there was no sex
heterogeneity in covariances, though there was for mean level, and the heritability
was 60%.

The multivariate analysis looking at the four major immunoglobulin classes
found only small genetic or environmental covariation in levels. This is a little
surprising, but it should be remembered that higher positive and negative (induced
by controls on class switching) correlations may exist for levels of antibodies
specific to particular antigens or pathogens. Returning to atopy, the analyses
including D pter SPT showed that specific genetic influences existed both for sIgE
and skin sensitisation - the latent phenotype model failed when both traits were
phenotypically correlated with the underlying trait - genetic atopy, and lacked
specific genes of their own.

24.8 Skin prick tests: specific IgE

The commonest positive skin prick response seen in the twins tested was to
D pter, in about 40% of the nonwheezy cotwins and 70% of those with a history of
wheeze. This allergen is ubiquitous and potent, so simplistically one would expect
that any individual from coastal Australia who is predisposed to allergy will become
sensitised to it (the 35% of frequent wheezers with negative SPT having nonatopic
asthma). This is simplistic, as there was evidence of genes specific to sensitisation
with D pter in logistic regression (Table 20.13) and multivariate path (Section 20.4)
analyses. Some authors have claimed evidence for HLA restriction of D pter
responses [O’Hehir 1991; Eura et al 1992], and the present findings may be in
keeping with this. In a collaboration with Dr Euan Tovey, we have recently
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performed protein blotting of D pter allergen elements binding IgE from the twins,
and found evidence that genetic factors act at the level of particular bands (which
may contain one or more epitopes). This may be seen as evidence of probable
Class II restriction.

The pattern of sensitisation seen in residents of the different states has
already been alluded to. D pter sensitisation was fairly consistent, and this is partly
because all the testing cities were coastal. In the drier inland regions, Peat et al
[1992] have found house dust mite reactivity to be lower, and this is in agreement
with what we know of mite biology. I have not previously commented on the raised
prevalence of response to Alternaria in South Australia - this might reflect a more
favourable climate for mould growth (or may simply be a Type I error).

Responses to different allergens on skin prick tests were intercorrelated. In
section 19.2, I concluded that several mechanisms must be operating to cause this,
but that perhaps only one mechanism (cross-recognition of epitopes) might underlie
the correlations between the grass allergens. Therefore, any HLA haplotypes
predisposing to ryegrass sensitisation may well spill over to the other grasses
tested. The factor analysis (Section 20.4) testing this latter supposition was not
wholly satisfactory, although examination of the residuals from that analysis (not
shown) showed poor goodness of fit was not due to absent between-twin allergen
specific correlations, but probably reflected violation of model assumptions
(distributional or perhaps ascertainment). The equivalent latent class analysis did
not have sufficient power to reject the single factor (latent variable) model. I am
still considering better ways to deal with the bimodal distribution of SPT wheal
size - a nested analysis may be appropriate.

24.9 General conclusions

The present study tends to support the current view of atopy as a polygenic
or oligogenic trait. One can presume that these genes were either neutral, or
possibly useful (balanced polymorphism) against parasitic disease until fairly
recently - say the last one hundred and fifty years in developed countries, as per
Emanuel [1986], and more recently in underdeveloped countries or in emigrants
from such cultures to the West. I can detect, as others have suggested, genetic
influences common to atopy as a whole, as well as others of comparable effect
specific to particular manifestations.

Atopy is a discontinuous trait, with a distinct threshold between sensitised
and nonsensitised, but strength of response in the sensitised is continuous, and is
probably partly genetically controlled. Total serum Immunoglobulin E level is a
continuous trait associated with atopy with no evidence of bimodality - its marked
skewing, which might be interpreted as evidence for a mixture of distributions is
also very consistent with lognormality, and so a plurality of factors acting
multiplicatively on IgE level. Some of these factors could then be sensitisation to a
particular allergen (one interpretation of Table 19.7). A segregation analysis of
sIgE which does not incorporate skin prick test or measure of specific IgE might
detect multiple distributions not corresponding to genotypes, but rather to
sensitisation to an allergen. These would not segregate, but possibly could give
rise to false positives in segregation analysis. Such an effect could have occurred
in Townley et al [1986] for bronchial responsiveness, where bimodality is evidenced
in families (or twin pairs) ascertained on a history of asthma; in that case
Mendelian inheritance of the ousiotypes was rejected. Atopy definitely has a
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genetic component, whether looking at total sIgE level or specific sensitisation.
However, multiple genetic factors are at work.

Asthma was strongly associated with atopy in the present study. This
association was almost certainly phenotypic, that is immunological processes
involved in atopy within an individual were causing asthma, or vice versa. Some
markers of atopy, specifically sensitisation to grass pollens, were only genetically
correlated, and so were probably bystanders in these processes. Sensitisation to
Dermatophagoides pteronyssinus was directly involved. This is in keeping with
current theories giving an important role to early exposure to this allergen and the
subsequent development of asthma [Sporik et al 1990].

Nonatopic asthma was also found to aggregate within twin pairs. This
subform is probably only 10% of the total asthma in the population (and
presumably proportionately decreasing as childhood/atopic asthma increases). I
am unsure whether it is appropriate to talk about asthma and atopy as separate but
overlapping conditions, or whether atopy and atopic asthma differ qualitatively from
nonatopic asthma. The continuous (path) analyses I have described take the
former view; the discrete (loglinear analyses), the latter. The sample size is not
sufficient to decide on the which view is more appropriate. Undoubtedly, there are
genes specific to BHR as well as those for atopy which also contribute to BHR. It
is attractive to think that these might act on nonspecific BHR and allergen specific
BHR respectively.

The philosophy behind the design of the present study was that the
molecular genetic studies that ultimately will unravel asthma and atopy should be
embedded in adequate epidemiological samples of families. In this way the true
contribution (attributable fraction) of particular genes can be properly assessed,
gene by environment interaction measured, and residual genetic influences
detected. I think this thesis shows that the traditional phenometric approach in a
genetically informative design can still make significant contributions to our
knowledge about genetics of common disease.
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A1 Respiratory Symptoms Questionnaire (Q3)

ASTHMA AND ALLERGY SURVEY

Dear Sir/Madam,

This questionnaire is a follow-up to a questionnaire on health and lifestyle that
either you, your twin or a twin to whom you are related has previously completed for the
Australian Twin Registry.

We are now trying to get more detailed information about chest diseases, and
would be grateful if you could fill out this questionnaire as well. Even if you do not
suffer from any chest conditions yourself, we are still very interested in why you are well
yet other people suffer from health problems. Looking at the differences between well and
affected people will give important information which will increase understanding of
asthma and allergic problems and their treatment. Twins and their relatives can make a
unique and important contribution to this research.

If you have any problems with the questionnaire, or any queries, please ring
David Duffy, at (07) 362 0217. If you ring STD, we will ring you back, so you will avoid
charges. We would be grateful if you could complete and return the questionnaire within
two weeks of receiving it.

Finally, we will be performing lung function, skin and blood allergy testing on
asthmatic twins in the various metropolitan centres in the near future. Could you please
indicate at the end of this questionnaire whether you would be interested in taking part in
such testing. This would take under an hour, and would involve allergy and lung function
testing and blood collection (see last page for more details). Testing would be done in a
hospital in each city. Limited funds to cover travel expenses will be available.

Thank you for your assistance.

Dr David Duffy (MBBS)

Could you please check and if necessary change
the details on the labels below
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Please answer all of the following questions that apply to you. We realise that some
of them may be difficult or have no exact answer. Indicate the best or closest
answer by ticking or circling that response.

DIAGNOSIS

(1) Have you ever suffered from asthma or
wheezy breathing? YES NO
(Wheezing is a whistling noise coming
from in the chest)

If NO, please go straight to the top of Page 5

(2) How old were you when you had your first
attack of asthma or wheezy breathing? YRS OLD

Was there any special event associated
with this ? DONT KNOW YES NO

If YES, what was it: _________________

(3) Has a doctor ever diagnosed you as
suffering from asthma? YES NO

RECENT STATUS OF WHEEZING

(4) When did you last suffer an attack of asthma or wheezing? (tick)

in the last 48 hours
between 2 and 6 days ago
between 1 and 4 weeks ago
between 1 and 3 months ago
between 4 and 6 months ago
between 7 and 12 months ago
between 13 and 24 months ago
more than 2 years ago How many ? ____

years
(5) How many attacks have you suffered in the last month? (tick)

None
1
2
3
4
5 to 10
10 to 20
More than 20

(6) How often have you awoken through the night
with wheezing or shortness of breath in the last month? (tick)

Never
Once
Twice
Three times
Four times
5 to 10
10 to 20
More than 20
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(7) Approximately how many times have you suffered from asthma or wheezy breathing in
the last 2 years? (tick)

Never
Once or twice
3 or 4 times
5 to 20
20 to 50
50 to 100
100 to 200
Over 200

(8) What medications have you taken for asthma or wheezing
in the last 2 years (tick the best response):

NEVER OCCAS OFTEN DAILY

VENTOLIN, BRICANYL, BEROTEC,
ALUPENT or RESPOLIN?

VENTOLIN or similar medication
by nebuliser machine?

Theophylline tablets such
as THEO-DUR or NUELIN?

Steroid sprays such as
BECOTIDE, ALDECIN or BECLOFORTE?

Steroid tablets such as
Prednisone

INTAL

Do or did any of these treatments help? YES NO

(9) Has your asthma or wheezing limited any of the following activities (tick the best
response):

NEVER OCCAS FREQ ALWAYS

Sports
Running
Walking up hills or stairs
Usual daily activity (eg housework)

(10) Do you have regular contact with: a cat? YES NO
a dog? YES NO
other animals? YES NO

What animal(s)?______________________

(11) At what times of the year is/was your asthma or wheezing worse?
(You may circle more than one)

No particular JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
month
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(12) Have any of the following made you wheezy or breathless?

NEVER OCCAS FREQ ALWAYS

Prolonged rainy periods?
Thunderstorms?
Cold weather?
Cats?
Dogs?
Other animals?
Which animals? ______________

Dusty parts of the house?
Vacuuming or cleaning?
Making the bed?
Exercise?
Colds or chest infections?
Feathers?
Closeness to flowering plants?
Cigarette smoke?
Fumes or vapours at work?
Any in particular? ___________

Foods or drinks
Any in particular? ___________

PAST HISTORY OF ASTHMA

(13) Have you ever been in hospital with asthma? YES NO

If NO, please go straight to Question 14

How many times?

How old were you when you were first admitted
into hospital with asthma? YRS OLD

How old were you when you were last
in hospital for asthma? YRS OLD

(14) How often did you suffer attacks of asthma under the age of fourteen years (tick)

never
rarely
occasionally
often
frequently
constantly

(15) How bad is the asthma or wheezing you suffer now compared to that which you
suffered as a child (tick)?

I don’t have it now but I did then
Better than as a child
About the same
Worse than as a child
I did not suffer asthma then

(16) Did wheezing ever interfere with sports at school? YES NO
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** ALL CONTINUE HERE **

TYPE OF HOUSE

*(17) What type of home do you live in? (tick)
a brick house or unit
a wooden house or unit
other type of accomodation

(18) Is your bedroom carpetted? YES NO

(19) Is most of your home’s living area carpetted? YES NO

OTHER ILLNESSES

(20) How often have you experienced the following in the last 2 years?

NEVER OCCAS FREQ ALWAYS

Sneezing
Runny nose
Congested (blocked) nose
Itchy nose
Itchy eyes

(21) Have you ever been diagnosed by a doctor as suffering from
hayfever or allergic rhinitis? YES NO

If YES to question (21), At what times does your hayfever
seem to be worse? (You may circle more than one)

No particular JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
month

(22) What kinds of things tend to make you sneeze or make your nose congested ?

NEVER OCCAS FREQ ALWAYS

Prolonged rainy periods?
Thunderstorms?
Cold weather?
Cats?
Dogs?
Other animals?
Which animals? _____________

Dusty parts of the house?
Vacuuming or cleaning?
Making the bed?
Exercise?
Colds or chest infections?
Feathers?
Closeness to flowering plants?
Cigarette smoke?
Fumes or vapours at work?

(23) Are you prone to head colds
(that is more than three per year)? YES NO

(24) Have you had your tonsils removed? YES NO
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(25) How often have you suffered from chest infections such as bronchitis in the last five
years? (Bronchitis is a "chest cold" or illness associated with increased cough and
phlegm for a week or more . Pneumonia is a more severe chest infection) (Tick the
best answer)

Two or more times per year
Once a year
Once every two years
Once in the last five years
Less than once in the last five years

(26) Do you usually cough at all on
getting up, or first thing in the morning? YES NO

If YES, do you usually cough like this
on most days for 3 consecutive months
or more during the year. YES NO

(27) Do you usually bring up phlegm from your chest
at all on getting up, or first thing
in the morning? YES NO

If YES, do you usually bring up phlegm like this
on most days for 3 consecutive months
or more during the year. YES NO

(28) Do you usually cough as much as 4 to 6 times
a day, 4 or more days out of the week? YES NO

If YES, do you usually cough like this
on most days for 3 consecutive months
or more during the year. YES NO

(29) Do you usually bring up phlegm from your chest
as much as twice a day, 4 or more days
out of the week? YES NO

If YES, do you usually bring up phlegm like this
on most days for 3 consecutive months
or more during the year. YES NO

(30) Do you suffer from eczema, that is dry skin that
breaks out in patchy itchy rashes YES NO

If YES, how severe is this eczema MILD MOD SEVERE

CHILDHOOD HISTORY

Under the Age of Two - Please ask your parents if you are not certain.

(31) Did you suffer from eczema as a child? YES NO DONT KNOW

(32) Did you suffer from a lot of colds or
chest trouble under the age of two years? YES NO DONT KNOW

(33) Were you ever admitted into hospital YES NO DONT KNOW
under the age of two?

(34) If you answered Yes to Question (33), was this for
a chest problem such as pneumonia, bronchitis,
or bronchiolitis? YES NO DONT KNOW
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(35) Did your mother smoke around you
when you were a child? YES NO DONT KNOW

(36) Did your father smoke around you
when you were a child? YES NO DONT KNOW

(37) Did you have contact with a cat at home? YES NO

(38) Did you have contact with a dog at home? YES NO

(39) Where did you live under the age of two years?
In a major city?
In a town?
In the country?

What is the name of the town or area
that you lived in under the age of two?_____________

(40) Did you live near a main road? YES NO

(41) What kind of a home did you live in:
a brick house or unit?
a wooden house or unit?
other type of accomodation

(42) Was your home carpetted? YES NO

(43) Did you need to check this with your parents? YES NO

Between the ages of Three and Fifteen

(44) Did you suffer a lot of colds
(more than three a year)? YES NO

(45) Were you ever admitted into hospital between
the ages of three and fifteen years of age? YES NO

(46) Was this for a chest condition such as
pneumonia or bronchitis? YES NO

(47) Did your mother smoke around you between the ages
of three and fifteen? YES NO

(48) Did your father smoke around you between the ages
of three and fifteen? YES NO

(49) Where did you (for most of this time) live
between the ages of three and fifteen?

a major city
a town
in the country

What is the name of the town or area that you
lived in at this time?______________________

(50) Did you live near a main road? YES NO

(51) Did you have contact with a cat at home between
these ages? YES NO

(52) Did you have contact with a dog at home between
these ages? YES NO
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WORK HISTORY

(53) Have you ever worked full-time, that is for more
than 30 hours per week for six or more months? YES NO

If YES to above:

A. Have you ever worked for a year
or more in any dusty job? YES NO

Please specify the job and industry? ____________________

How many years did you work in that job? YRS

How would you rate your exposure to dust: MILD MOD SEVERE

B. Have you ever been exposed
to gas or chemical fumes in your work? YES NO

Please specify the job and industry?___________________

How many years did you work in that job? YRS

How would you rate your exposure
to gases or fumes MILD MOD SEVERE

(54) Which hand do you usually use for the following tasks (tick the best answer):

LEFT EITHER RIGHT
Using a hammer
Using a tennis racquet
Writing
Picking up a coin
Eating with a spoon
Drinking from a cup
Brushing your teeth
Throwing a ball

FAMILY HISTORY

(55) How many brothers and sisters are/were there
in your family ? (Please DO NOT include YOURSELF)

(56) First, please fill in your natural parents birth year below, and if they are no longer
alive, their year of death. Next indicate whether a doctor has ever diagnosed one of
the five conditions listed to the best of your knowledge. Answer this as Y for YES, N
for No, or D for Don’t Know.

Natural
parent

Year
of
Birth

Year
of
Death

Asthma Hayfever Eczema Chronic
Bronchitis

Emphysema

Mother

Father
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(57) Now please list all your FULL BROTHERS and SISTERS (that is, where you and they share
BOTH parents). Please include yourself and your twin, and indicate this in the second column.

Name Twin
(tick)

Year
of Birth

Year of
Death

Asthma Hayfever Eczema Chronic
Bronchitis

Emphysema

(58) If applicable, now please list all your HALF or STEP BROTHERS and SISTERS.
Write in the last two columns the names of their mothers and fathers.

Name Year
of
Birth

Year
of
Death

Asthma Hayfever Eczema Chronic
Bronchitis

Emphy-
sema

Mother Father

List below information about your step-parents.

Parent’s name Year
of Birth

Year of
Death

Asthma Hayfever Eczema Chronic
Bronchitis

Emphysema

(59) How many children do you have?

(60) As before, please fill in for each member of your immediate family their birth year
below, and if they are no longer alive, their year of death, and indicate whether a doctor
has ever diagnosed one of the five conditions listed to the best of your knowledge.
Answer this as Y for YES, N for No, or D for Don’t Know.

If you have married more than once, please include here the names of spouses with
whom you have had children.

Name of Spouse(s) Year of
Birth

Year of
Death

Asthma Hayfever Eczema Chronic
Bronchitis

Emphysema
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Now list your own children. If you have children by more than one marriage, please
write down the name of the parents of the child.

Name Year
of
Birth

Year
of
Death

Asthma Hayfever Eczema Chronic
Bronchitis

Emphys-
ema

Name of
other
parent(s)

(61) If you live in or near a capital city,
would you be willing to take part YES NO
in the second part of this study, which involves
visiting us at a hospital in each city for lung and allergy testing?

If YES, please check the phone numbers on the label, as we shall contact you by phone
when we visit your city.

The testing would take place in a hospital laboratory and involves:

(1) Taking a blood sample to count blood cells and measure IgE, a measure of allergy.
This blood would also be stored for later testing for other factors involved in allergy and
lung problems.
(2) Performing a skin test for allergy to dust, pollen and animals. This is performed by
pricking the skin lightly with a fine needle through a drop of fluid placed on the forearm.
After a few minutes, any reaction in the skin (usually a small area of redness or itchy
swelling like a mosquito bite) is measured with a ruler. Any irritation fades quickly.
(3) Measuring the volume of the lungs and bronchial tubes by asking you to blow out
forcefully into a machine (spirometer). This would be done before and after getting you to
inhale a small dose of histamine, which is a naturally occuring substance involved in
allergy in the body. This may cause a mild, short-lived change in the bronchial tubes
which will be carefully assessed by the breathing test. Asthmatics will probably experience
mild wheeziness which will be quickly reversed by their usual medication, while non-
asthmatics seldom react to the histamine.

All these tests are standard ones used for the diagnosis of allergy or lung conditions such
as asthma. They will be supervised by a doctor. We want to test both twins even if
one does not have any current lung problems , as the methods we use compare the
results of one twin against the other.

All information gathered from these tests will be completely confidential.
Any abnormal results can be forwarded to your family doctor, if you so desire.

THANK YOU FOR YOUR HELP
PLEASE WRITE ANY COMMENTS BELOW
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A2 CLINICAL PROFORMA Completed
Path forms

Name: ______________________________________

Study Number:

Date : _____ / _____ /______

Height : CM
Weight : KG

Age :

Questions

Have you had a cold in the last week ? YES NO

Do you have a loose cough ? YES NO

Do you have a runny nose ? YES NO

Have you ever wheezed ? YES NO

If YES, when was the last episode ? IN THE LAST WEEK
THE LAST 12 MONTHS
LESS RECENTLY

Have you ever had a course of "allergy shots"? YES NO

Do you take any of the following medications ?

Beta-agonist spray YES NO
were any taken in the last 4-6 hrs YES NO

Beta-agonist syrup/tablets YES NO
were any taken in the last 12 hrs YES NO

Theophylline YES NO
Antihistamines YES NO
were any taken in the last 48 hrs YES NO

Intal YES NO

Steroids inhaled YES NO
oral YES NO

Do you take any other medications ? YES NO
if YES, list here ___________________________________

Have you smoked a cigarette today ? YES NO
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Lung Function

Time of testing :

Observer : Technically Inadequate

Spirometer No.:

Protocol : 20% Fall FEV1

After Challenge

Did you have symptoms during the challenge ? YES NO

If YES, were they cough ? YES NO
chest tightness ? YES NO
wheeze ? YES NO
throat irritation ? YES NO

Have you felt like this before ? YES NO

Skin Tests

ANTIGEN READING MEAN

control ______________ _______

histamine ______________ _______

cockroach ______________ _______

D. Pteronyssimus ______________ _______

House Dust ______________ _______

cat ______________ _______

dog ______________ _______

canary grass ______________ _______

Southern grasses ______________ _______

Timothy grass ______________ _______

Ryegrass ______________ _______

Aspergillus ______________ _______

Alternaria ______________ _______
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A3 Telephone interview for mothers of probands

This proforma was computer generated for eligible mothers, completed

by the interviewers. In some items, "Y N D" refers to "Yes, No, Don’t know".

=================================================================
TELEPHONE ASTHMA QUESTIONNAIRE FOR PARENTS

Interviewer: ....................................................

Date of interview: .........1993

Time interview commenced: ..........
Time interview ended : ..........
Duration of interview : ..........

Comments: ........................................................
........................................................

==================================================================
Mother : title given surname id
Age : age y.o. Status : remark
Address : street town state postcode
Home ph : phone (H)
Work ph : phone (W)

------------------------------------------------------------------
Twin 1 : title given surname id
Age : age y.o. Status : remark
Address : street town state postcode
Home ph : phone (H)
Work ph : phone (W)

------------------------------------------------------------------
Twin 2 : title given surname id
Age : age y.o. Status : remark
Address : street town state postcode
Home ph : phone (H)
Work ph : phone (W)

==================================================================

ASK THE MOTHER THE FOLLOWING QUESTIONS:

1. Have you EVER suffered from asthma OR wheezing ? Yes No
(Wheezing is a whistling noise coming from in the chest)

If YES to above, ASK QUESTIONS 2 THROUGH 7
If NO to above, GOTO PAGE 2 QUESTION 8

2. How old were you when you had your first attack .....y.o.
of asthma or wheezing ?

3. Has a doctor ever diagnosed you as Yes No
suffering from asthma ?

4. When did you last suffer from
an attack of asthma or wheezing ? .....................

5. How many times have you suffered from asthma or
wheezing in the LAST TWO YEARS ?

NEVER ONE TO FOUR FIVE TO TWENTY OVER TWENTY

6. Have you ever been in hospital with asthma ? Yes No

7. How often did you suffer attacks of asthma or
wheezing under the age of fourteen years ?

NEVER RARELY OCCASIONALLY OFTEN FREQUENTLY CONSTANTLY
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- page 2 -
ASK ALL MOTHERS

8. Have you ever been diagnosed by a doctor as Yes No
suffering from hayfever or allergic rhinitis ?

9. Have you ever been diagnosed by a doctor as Yes No
suffering from emphysema ?

10. Have you ever been diagnosed by a doctor as Yes No
suffering from chronic bronchitis ?

11. Do you suffer from eczema, that is dry skin that Yes No
breaks out in patchy itchy rashes ?

12. Have you smoked more than 100 cigarettes Yes No
during your life ?

If YES to above, ASK QUESTIONS 13 THROUGH 16
If NO to above, GOTO QUESTION 17

13. Do you still smoke ? Yes No

14. How many years did you smoke ? .....yrs

15. What is the most you smoked ? .........cigsday

16. Did you smoke around the twins
when they were under 5 years old ? Yes No

ASK ALL MOTHERS

17. Did the twins’ father EVER suffer from Yes No D
asthma OR wheezing ?

If YES to above, ASK QUESTIONS 18 THROUGH 20
If NO to above, GOTO QUESTION

18. Did a doctor ever diagnose the twins’ father Yes No D
as suffering from asthma ?

19. How many times did the twins’ father suffer from
asthma or wheezing in the LAST TWO YEARS ?

UNSURE NEVER ONE TO FOUR FIVE TO TWENTY OVER TWENTY

20. Was the twins’ father ever in hospital Yes No D
with asthma ?

21. Did a doctor ever diagnose the twins’ father as Yes No D
suffering from hayfever or allergic rhinitis ?

22. Did a doctor ever diagnose the twins’ father as Yes No D
suffering from emphysema ?

23. Did a doctor ever diagnose the twins’ father as Yes No D
suffering from chronic bronchitis ?

24. Did a doctor ever diagnose the twins’ father as Yes No D
suffering from eczema ?
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- page 3 -

25. How many children did you have ? .....

CHECK THE NAME AND AGE OF EACH CHILD BELOW
ADD ADDITIONAL CHILDREN IF NOT RECORDED

NOW ASK THE FOLLOWING QUESTIONS ABOUT EACH CHILD:

Has a doctor ever diagnosed the following conditions in the
children to the best of your knowledge ?

------------------------------------------------------------------
Children ID Age Asthma Hayfever Eczema Rem

-----------------------------------+-------+-------+-------+------
given surname id age | Y N D | Y N D | Y N D | remark
given surname id age | Y N D | Y N D | Y N D | remark
given surname id age | Y N D | Y N D | Y N D | remark
given surname id age | Y N D | Y N D | Y N D | remark
given surname id age | Y N D | Y N D | Y N D | remark
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A4 LOGLIN: A program for loglinear analysis of

complete and incomplete data

A4.1 Introduction

Program LOGLIN performs generalised log-linear modelling of

categorical data. It can fit any of the log-linear models available to standard

packages such as GLIM, SAS, BDMP or SPSS, including models with

structural zeros (as in PROC CATMOD). In addition, it can fit models for

missing data and/or unobserved data. It cannot fit the more general latent

variable models described by Haberman [1979], Goodman (1981) or

Hagenaars [1989]. This means that it cannot be easily used for situations

where all measures of a given variable are considered unreliable, which can

be dealt with in LCAG [Hagenaars 1989].

LOGLIN can be used for:

(1) Models where imprecise measures have been calibrated using a

"perfect" gold standard, and the true association between imperfectly

measured variables is to be estimated.

(2) Where data is missing for a subsample of the population i.e. the same

as situation (1).

(3) Latent variable models where latent variables are "errorless" functions

of observed variables - eg ML gene frequency estimation from counts of

observed phenotypes.

(4) Specialised measurement models eg where observed counts are

mixtures due to perfect measures and error prone measures.

(5) Standard models which are difficult to fit in some packages, such as

symmetry and quasi-symmetry models.
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A4.2 Methods

The general framework underlying these models is summarised by

Espeland [1986], and Espeland and Hui [1987], and is originally due to

Thompson & Baker [1981]. An observed contingency table y (n x 1) is

modelled as arising from an underlying complete table z (m x 1), where

observed count yj (j=1..n) is the sum of a number of elements of z, such that

each zi (i=1..m) contributes to no more than one yj. Therefore one can write

y=F’z, where F (m x n) is made up of orthogonal columns of ones and zeros.

We then specify a loglinear model for z, so that log(E(z))=X’β, where X is a (p

x m) design matrix, and β (p x 1) a vector of loglinear parameters. The

loglinear model for z and thus y can be fitted using two methods, both of

which are available in LOGLIN. The first was presented as AS207 by Michael

Haber [1984] and combines an iterative proportional fitting algorithm for b and

x, with an EM fitting for y, x and b. The second is a Fisher scoring approach,

presented in Espeland [1986]. Each iteration of the Fisher scoring algorithm is

β(t+1) = β(t) + I-1 (PX’)’ (µ - F (F’F)-1 y) ,

where

µ = exp(X’β) ,

P = F (F’ diag(µ) F)-1 F’ diag(µ) ,

and

I = (PX’)’ diag(µ) (PX’).

The default option provided by the program is to use the EM algorithm

to provide starting values for the scoring algorithm, thus gaining a modest

improvement in speed. However, each method can be called in isolation. The

EM algorithm needs to call the scoring algorithm to get the information matrix

for the loglinear parameters in any case. In the case of missing data, one

usually is interested in collapsing the complete table to give expected counts

for subtables, and often summary measures for these subtables. Standard

errors of collapsed counts, and measures can be calculated using the

covariance matrix for the loglinear parameters of the complete table using the

delta method.

As an alternative, LOGLIN allows bootstrap estimates of standard errors

439



to be obtained. These are currently only for Poisson models, and will differ if

sampling is constrained - eg product-multinomial - for incomplete tables.

Espeland [1985] discusses approaches for this and other situations.
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A4.3 Usage

The program reads commands from standard input, and writes to

standard output. The commands are made up of the following key words and

data (note that the parser usually reads only the first two to four characters of

a keyword, and will usually read a long form key word as well eg

bootstrap|boot|bs):

COMPULSORY

(1) da <nj> where nj is the number of cells in the observed table.

Followed by (on the next line):

y(1..nj) the nj cell counts read in free format.

(2) mo <nid> <nk> where nid is the number of counts the model is to be

fitted to, and nk is the number of loglinear parameters to be fitted.

Followed by:

the design matrix C(1..nid,1..nk) read in free format.
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OPTIONAL

(3) ce <ni> where ni is the number of cells in the underlying complete table

that gives rise to the observed counts.

Followed by:

ji(1..ni) the ni elements of the scatter matrix that maps y onto x, the

complete table. Each y(j) is a sum of one or more x(i)’s. ji is read free

format. ji can be replaced mathematically by S(1..ni,1..nj), made up of

1’s and 0’s such that y=S’x.

(4) se <nkk> where nkk is a number of loglinear parameters selected from

the design matrix C. This allows easy selection of hierarchical models.

Followed by:

csel(1..nkk) the number of each column of the original design matrix

selected for fitting, read in free format.

(5) cl <ncoll> where the first ncoll cells of x are to be collapsed over

(Maximum therefore ni). This is useful in missing data models to give

mean counts for variables unobserved in a given subtable.

Followed by:

coll(1..ncoll) a scatter vector containing each number of the cell of the

collapsed table that the particular x(i) value contributes to. If coll(j)=0

then the jth cell does not contribute to the resulting collapsed table.
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(6) fi em|sc |hy [<it>] determines which algorithm the program will use to fit

the model: either EM/Iterative proportional fitting, Fisher scoring

algorithm or both - the latter where the EM algorithm runs for it

iterations (default it=3) to provide starting values for the scoring

algorithm. The default is hy [brid].

(7) bs <bs> [em] controls whether bootstrap standard errors for collapsed

tables and summary measures for these tables will be calculated. bs is

the number of bootstrap samples to be generated. The default fitting

algorithm for each bootstrap sample is the scoring algorithm, but the

keyword em forces the use of the EM algorithm. This is considerably

slower in some circumstances, but will converge when the scoring

algorithm does not.

(8) pr <t> <b> calculates the proportion x(t)/x(t)+x(b) from the collapsed

table along with bootstrapped a standard error if the bs option is active.

(9) or <c1> <c2> <c3> <c4> calculates the odds ratio

x(c1)*x(c4)/x(c2)/x(c3) from the collapsed table along with a

bootstrapped standard error if the bs option is active.

(10) la attaches labels to the nk loglinear parameters.

Followed by:

term(1..nk) the nk labels maximum length 10 characters. Terminating a

line with ":" allows the list of labels to extend over to the next line.
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(11) ou [print= 1|2] [co ] [de] controls the amount of output.

print controls whether estimates are printed each iteration, where

print= 1 gives EM and score estimates for x each iteration and print= 2

prints the IPF estimates as well.

co prints out the covariance matrix for the loglinear parameters.

de prints out the normalised design matrix used by the EM algorithm.

(12) st leads to starting values for the loglinear parameters being read.

Followed by:

pars(1..nk) the starting values read free format.

(13) conv <conv> convergence criterion. Note that this is divided by 100 to

act as criterion for change in loglinear parameters in the scoring

algorithm, and used unchanged as criterion for changes in counts for

the EM algorithm.

(14) au <aug> adds a constant aug to each count. Appropriate for models

with sampling zeros and/or small counts. In the 2x2 case at least,

reduces bias in odds ratio estimate.

(15) ! | rem | c denotes a comment. The line is copied to output.
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A4.4 Examples

The following jobs fit a variety of loglinear models.

(1) This example fits to a 2x2 table, and bootstraps the standard error of

the odds ratio.

! simplest table
data 4
31 109 17 122
! intercept row and col, odds ratio
mo 4 4
1 1 1 1
1 0 1 0
1 1 0 0
1 0 0 0
! labels for loglinear terms
la
intercept row col oddsr
! fit saturated model, and reverses the order of parameter printing
se 4
4 3 2 1
collapse 4
1 2 3 4
bs 200
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(2) This example is slightly more complex and looks for effects of zygosity

on concordance in twins. The prevalence of the condition is

constrained to be equal for the first and second twins, and the second

and third order term weights adjusted to produce the (smoothed)

OR(DZ) and OR(MZ)/OR(DZ).

! DZ 2x2 table then MZ 2x2 table
data 8
12 12 10 1335
5 12 24 1506
mo 8 6

1 2 1 2 2 2
1 1 1 0.5 1 0.5
1 1 1 0.5 1 0.5
1 0 1 0 0 0
1 2 0 2 0 0
1 1 0 0.5 0 0
1 1 0 0.5 0 0
1 0 0 0 0 0

!-- -- -- -- -- --
! 1 2 3 4 5 6
! i a z a1 a a1
! a2 z a2
! z
la
i a z aa az aaz
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(3) This job estimates the true prevalence of asthma from an imperfect

proxy measure - cross-reporting by cotwin. Sensitivity and specificity

are obtained from cross-reporting versus self report in pairs where both

twins returned a questionnaire. The χ2 compares prevalence of proxy

asthma in the two groups.

!
! Adjust cross-reported asthma in singles using data from complete pairs
!
cells 8
1 1 2 2
3 4 5 6

!
! One 2x1 tables and one 2x2 table giving sens and spec
!
data 6
116
540
451 91
168 2075
model 8 5

1 0 0 0 1
1 0 0 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 1
1 1 0 1 0
1 1 1 0 0
1 1 1 1 0

! i L T A AT
la
i L T A AT
conv 0.001
cl 4
1 2 1 2
pr 1 2
bs 200
ou
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(4) Here, we estimate the gene frequencies for the AB0 system by ML

scoring methods. The resulting parameter estimates and confidence

limits have to be rescaled.

!
! Estimation AB0 frequencies Elandt-Johnson, 1971, p 401, Ex 14.1
! A B AB 0
!
data 4
725 258 72 1073

ce 9
1 3 1 3 2 2 1 2 4

model 9 3
2 0 0 1 1 0 1 0 1 1 1 0 0 2 0 0 1 1 1 0 1 0 1 1 0 0 2

la
A B 0
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(5) Test Hardy-Weinberg equilibrium in two samples typed at the ApoE

locus, and whether gene frequencies are the same.

!
! Test for HWE ApoE Cauley et al 1993 across two age cohorts
!
! 2-2, 3-2, 4-2, 3-3, 4-3, 4-4
!
data 12
2 47 5 315 98 6
5 126 11 581 135 12

ce 18
1 2 3
2 4 5
3 5 6
7 8 9
8 10 11
9 11 12

!
! e2 e3 e4 age
!
model 18 7
2 0 0 0 0 0 0
1 1 0 0 0 0 0
1 0 1 0 0 0 0
1 1 0 0 0 0 0
0 2 0 0 0 0 0
0 1 1 0 0 0 0
1 0 1 0 0 0 0
0 1 1 0 0 0 0
0 0 2 0 0 0 0
2 0 0 1 2 0 0
1 1 0 1 1 1 0
1 0 1 1 1 0 1
1 1 0 1 1 1 0
0 2 0 1 0 2 0
0 1 1 1 0 1 1
1 0 1 1 1 0 1
0 1 1 1 0 1 1
0 0 2 1 0 0 2

!
!1 2 3 4 5 6 7
!
la
e2 e3 e4 age e2*age e3*age e4*age
!
! se 4 Comparing LR for saturated model versus no interaction
! 1 2 3 4 model tests for gene frequencies conditional on HWE
!
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(6) This job fits a model of errors in rating X-rays of dental caries to data

for two observers. It assumes that one group of X-rays is easy to read

and gives rise to no disagreement, while the remainder are difficult and

give rise to a number of disagreements.

!
! Fit teeth from Espeland et al 1986
!
cells 12
1 5 9 1 2 3 4 5 6 7 8 9

!
! 3x3 table of rating of caries 3 point scale 2 observers
!
data 9
1450 55 74

99 35 33
22 11 64

model 12 8
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 1 0 1 0
0 0 0 1 1 0 0 1
0 0 0 1 1 0 0 0
0 0 0 1 0 1 1 0
0 0 0 1 0 1 0 1
0 0 0 1 0 1 0 0
0 0 0 1 0 0 1 0
0 0 0 1 0 0 0 1
0 0 0 1 0 0 0 0
conv 0.001
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(7) Hochberg [1977] presents a double sampling experiment where a

smaller subsample of subjects were measured using a gold standard,

while all Ss were measured using "cheap" unreliable measures.

! Fit Hochberg 1977 double sampling data
cells 32
1 1 2 2 1 1 2 2 3 3 4 4 3 3 4 4
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

! 2x2 table of imprecise measures and 2x2x2x2 reliability data
data 20
1196 13562
7151 58175
17 3 10 258
3 4 4 25
16 3 25 197
100 13 107 1014

!
! model is AA*BB* + L (dummy study variable)
! so vars are intercept, A, A*, B, B*, L, A.A*, A.B, A.B*, A*.B, A*.B*
! B.B*, A.A*.B, A.A*.B*, A.B.B*, A*.B.B*, A.A*.B.B*
model 32 17
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 0 1 1 1 1 0 0 0 1 1 1 0 0 0 1 0
1 1 0 1 1 1 0 1 1 0 0 1 0 0 1 0 0
1 0 0 1 1 1 0 0 0 0 0 1 0 0 0 0 0
1 1 1 0 1 1 1 0 1 0 1 0 0 1 0 0 0
1 0 1 0 1 1 0 0 0 0 1 0 0 0 0 0 0
1 1 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0
1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 0 1 1 1 0 1 0 0 1 0 0 0 0
1 0 1 1 0 1 0 0 0 1 0 0 0 0 0 0 0
1 1 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0
1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0
1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0
1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1
1 0 1 1 1 0 0 0 0 1 1 1 0 0 0 1 0
1 1 0 1 1 0 0 1 1 0 0 1 0 0 1 0 0
1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0
1 1 1 0 1 0 1 0 1 0 1 0 0 1 0 0 0
1 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0
1 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0
1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 1 0 0 1 1 0 1 0 0 1 0 0 0 0
1 0 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0
1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0
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(7) continued:

1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

!
! recover estimated A.B collapsed table for entire sample
collapse 32
1 2 1 2 3 4 3 4 1 2 1 2 3 4 3 4 1 2 1 2 3 4 3 4 1 2 1 2 3 4 3 4
odds_ratio 1 2 3 4

!
! get bootstrapped standard errors of mean values collapsed table
bootstrap 150

The edited output from example (7) is:

+---------------------------------+
| LOGLIN |
| General Log-linear Modelling |
| Using AS 207 (Haber, 1984) |
+---------------------------------+

Written by David L Duffy 1992
QIMR Australia
HP Fortran version

Program LOGLIN run at 14:31:52 on 8-Apr-92
The following input lines were read:

.

. [as above]

.
Output:

No. cells complete table= 32
No. cells observed table= 20
No. parameters estimated= 17
Convergence criterion = .100E-02

Fitting via Fisher score algorithm

Mean observed cell size = 4094.00

Rank of design matrix = 17

Gibbs Chi-square = 6.49 P= .09
Pearson Chi-square = 6.18 P= .10

df = 3.

Observed Table -------------------------
Observed Fitted F-T Deviate

[ 1] 1196.00 1196.13 .00
.
.
.
[20] 1014.00 987.30 .85
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(7) continued:

Full Table ----
Fitted

[ 1] 753.12
.
[32] 987.30

Full Table -------------------------------
Parameter S.E. exp(Par) 95% Confidence Limits

Term
[ 1] 6.895 .028 987.297 933.776 1043.885
[ 2] -2.249 .103 .106 .086 .129
[ 3] -4.138 .240 .016 .010 .026
.
[16] -2.794 .987 .061 .009 .423
[17] 3.991 1.349 54.099 3.846 761.043

Collapsed table ------------

[ 1] 3227.39
[ 2] 21071.03
[ 3] 10581.91
[ 4] 47002.67
--------------
OR .68

--------------

Bootstrap mean S.E. 95% CL-----------

[ 1] 3198.97 376.18 2461.66 3936.28
[ 2] 21125.60 654.63 19842.53 22408.66
[ 3] 10601.53 596.20 9432.98 11770.08
[ 4] 46957.00 826.98 45336.11 48577.89
-------------------------------------------
logOR -.40 .16 -.72 -.09

OR .67 .49 .92
-------------------------------------------

No. of bootstrap samples= 150

Job completed in 153.0 seconds.
2.5 minutes.
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(7) Continued

Espeland and Hui [1987] give their results for the same model. The overall
model goodness-of-fit was G2

3=6.49. The standard errors are calculated using
the delta method.

Table A4.1 Estimates for Hochberg [1977] double sampling example
produced by Espeland and Hui [1987].

Precise
Injury

Precise
belt use

Fitted
Estimate

Standard
Error

Yes Yes 3227.4 344.9

Yes No 21071.0 660.0

No Yes 10581.9 527.2

No No 47002.7 787.6

Odds ratio from
collapsed table

0.68 0.16
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A5 Program Phi

A5.1 Introduction

This program extends James’ [1971] methods to variously ascertained

samples of relative pairs. It allows modelling of marginal cumulative

incidences and intrapair covariance, the components making up the phi

coefficient for the fourfold table. Data and models are entered as a script.

A5.2 Methods

The basis of the method was derived in detail in Chapter 9. The

Poisson likelihood for each table is evaluated as:

(110)

LogL a.log(C P1P2)
b.log(P1[1 P2] C)
c.log(P2[1 P1] C)
d.log(C (1 P1)(1 P2)

P1 X1pβ1p

P2 P1 X2pβ2p

C Xcβc

where X1p and X2p are the design vectors for the prevalence terms P1 and P2,

and β1p and β2p the corresponding vectors of parameter estimates, and Xc and

βc are the equivalent for the covariance term C. This allows flexible

decomposition of prevalence (cumulative incidence) and covariance. The

loglikelihood is minimised using either the quasi-Newton maximisation routine

e04jaf from the NAG Fortran library included in the abbreviated PC

("Workstation") library, or a simulated annealing algorithm due to XXX. This

routine has the disadvantage that only fixed boundary constraints are

possible - illegal solutions for the current problem are assigned a penalty

function, but the routine does not always extricate itself successfully. Starting

values are generated using means, minima and maxima of the prevalences

and covariances of the raw complete tables. In the case of incomplete tables
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- where pairs are ascertained via a proband or probands (whether affected or

unaffected), the likelihood is appropriately conditioned for the case of complete

ascertainment.

A5.3 Usage

The program reads commands from standard input, and writes to

standard output. The commands are made up of the following key words and

data (note that the parser usually reads only the first two characters of a

keyword, and will usually read a long form key word as well eg terms|te):

COMPULSORY

(1) te <term(1)>...<term(npar)> applies npar labels for each column

of the design matrix - maximum length 10 characters.

(2) ta <sets> precedes the sets 2x2 tables, each with its set of

design coefficients.

Followed by:

a,b,c,d, coeff(1..npar) the four cells of the 2x2 table, then the

npar design coefficients for that table.

(3) pr <term1>..<termnp> labels for the columns of the design matrix

referring to prevalence (cumulative incidence) in both margins of

the table.

(4) cov <term1>..<termnc> labels for the columns of the design

matrix referring to covariance.
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OPTIONAL

(5) p2 <term1>..<termnp2> labels for the columns of the design

matrix referring to additional terms for prevalence (cumulative

incidence) in the upper margin only.

(6) eq <term1>..<termn> sets the parameters estimated for those n

terms equal.

(7) st <val> pr |cov sets the starting values for either all prevalences

or covariances.

(8) bo <lower> <upper> [pr |cov |<term>] sets the lower and upper

bounds for all prevalences, all covariances (default), or a specific

term.

(9) df <dfc> increments the nominal degrees of freedom.

(10) ou [ob ] [st ] [it ] [ns ] controls the amount of output.

ob prints out summary statistics for the observed tables

(prevalences, covariances, phis, and odds ratios.

st prints out the starting values for the parameters

it prints out the log likelihood and parameter estimates at each

iteration of the maximization routine.

ns prevents the program from producing overriding starting

values

(11) ! | rem | c denotes a comment. The line is copied to output.
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A5.4 Examples

(1) This example tests for symmetry in the 2×2 table, obtaining the

correct likelihood ratio χ2
1=0.93, with an estimate of phi as

0.4000. Adding a column effect COL and the line "pr2 COL",

would give a perfect fit.

!
! Test for symmetry in a 2x2 table
!
terms phi
tables 1
31 23 30 164 1
covariances phi
ou observed

(2) This fits a genetic model that includes birth cohort specific

cumulative incidences and covariances for the symptom of "ever

wheezed" in Australian twins from two surveys nine years apart.

!
! Job for asthma 1980 and 1989 same-sex twins aged 18-25 years
! data for MZ male, DZ male, MZ female and DZ female twin pairs from Coh 1
! followed by cohort 2
!
terms Cohort Sex C A D A1 A2
tables 8
15 14 11 159 0 1 1 1 1 1 0
3 18 12 124 0 1 1 0.5 0.25 0.5 0

21 24 27 337 0 0 1 1 1 1 0
9 21 25 198 0 0 1 0.5 0.25 0.5 0

31 23 30 164 1 1 1 1 1 0 1
12 20 28 97 1 1 1 0.5 0.25 0 0.5
46 43 62 287 1 0 1 1 1 0 1
24 35 44 191 1 0 1 0.5 0.25 0 0.5

!
!++ +- -+ ++ Cohort Sex C A D A1 A2
!
pr Cohort
co A1 A2
ou observations
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The output from this script read:

!
! Job asthma 1980 and 1989 those aged 18-25 years
!
terms Cohort Sex C A D A1 A2
tables 8

++ +- -+ -- Cohor Sex C A D A1 A2
# 1 15. 14. 11. 159. .000 1.000 1.000 1.000 1.000 1.000 .000
# 2 3. 18. 12. 124. .000 1.000 1.000 .500 .250 .500 .000
# 3 21. 24. 27. 337. .000 .000 1.000 1.000 1.000 1.000 .000
# 4 9. 21. 25. 198. .000 .000 1.000 .500 .250 .500 .000
# 5 31. 23. 30. 164. 1.000 1.000 1.000 1.000 1.000 .000 1.000
# 6 12. 20. 28. 97. 1.000 1.000 1.000 .500 .250 .000 .500
# 7 46. 43. 62. 287. 1.000 .000 1.000 1.000 1.000 .000 1.000
# 8 24. 35. 44. 191. 1.000 .000 1.000 .500 .250 .000 .500
!
!++ +- -+ ++ Cohort Sex C A
!
pr Cohort
cov A1 A2
ou observations

Output:

-------------------------------------
Parameter Estimates for Cum Incidence
-------------------------------------
Base Cum I .1222
Cohort .1023

-------------------------------------
Parameter Estimates for Covariances
-------------------------------------
A1 .0422
A2 .0602

--------- Observed Values -----------------------
Cum I Cov Phi Odds Ratio Rec. Risk

-------------------------------------------------
# 1 .1382 .0563 .4738 15.49 .577
# 2 .1146 .0063 .0632 1.72 .200
# 3 .1137 .0384 .3816 10.92 .438
# 4 .1265 .0196 .1781 3.39 .265
# 5 .2319 .0714 .4020 7.37 .508
# 6 .2293 .0245 .1396 2.08 .300
# 7 .2249 .0549 .3167 4.95 .426
# 8 .2160 .0352 .2085 2.98 .353

--------- Expected Values ----------------------- ----- F-T Deviates -----
Cum I Cov Phi Odds Ratio Rec. Risk ++ +- -+ --

------------------------------------------------- ------------------------
# 1 .1222 .0422 .3937 10.99 .468 +1.1 +.4 -.5 -.2
# 2 .1222 .0211 .1968 3.85 .295 -1.1 +1.2 -.4 +.0
# 3 .1222 .0422 .3937 10.99 .468 -.4 -.5 +.1 +.3
# 4 .1222 .0211 .1968 3.85 .295 +.0 -.1 +.7 -.1
# 5 .2244 .0602 .3461 5.65 .493 +.7 -1.0 +.4 +.0
# 6 .2244 .0301 .1730 2.45 .359 -.1 -.5 +1.1 -.2
# 7 .2244 .0602 .3461 5.65 .493 -.3 -1.0 +1.7 -.2
# 8 .2244 .0301 .1730 2.45 .359 +.1 -1.1 +.3 +.4

--------- Expected Tables ---------------------------------
++ +- -+ --

-----------------------------------------------------------
# 1 11.4 (.06) 12.9 (.07) 12.9 (.07) 161.8 (.81)
# 2 5.7 (.04) 13.5 (.09) 13.5 (.09) 124.3 (.79)
# 3 23.4 (.06) 26.6 (.07) 26.6 (.07) 332.4 (.81)
# 4 9.1 (.04) 21.8 (.09) 21.8 (.09) 200.3 (.79)
# 5 27.4 (.11) 28.2 (.11) 28.2 (.11) 164.1 (.66)
# 6 12.6 (.08) 22.6 (.14) 22.6 (.14) 99.2 (.63)
# 7 48.5 (.11) 49.9 (.11) 49.9 (.11) 289.8 (.66)
# 8 23.7 (.08) 42.3 (.14) 42.3 (.14) 185.7 (.63)

Gibbs Chi-Square= 14.24 (d.f.=20; P= .818)

LogLikelihood = -1883.27 (AIC = -1887.27)
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(3) This example fits to the schizophrenia data from Table 9.1.

!
! Schizophrenia data from Elston and Campbell (Behav Genet 1970; 1:3-10)
! The data comprise only the first two cells of a full 2×2 table - assuming
! single ascertainment, and ignoring within family dependencies
!
terms A D AA AAA
tables 8
149 25 -1 -1 1 1 1 1
76 441 -1 -1 .5 .25 .25 .125
820 5633 -1 -1 .5 .25 .25 .125
328 1672 -1 -1 .5 0 .25 .125
109 1082 -1 -1 .5 0 .25 .125
19 240 -1 -1 .25 0 .0625 .015625
44 972 -1 -1 .25 0 .0625 .015625
65 2105 -1 -1 .25 0 .0625 .015625
cov A AA AAA
st pr 0.05
bo 0.0001 0.15 pr
st co 0.0001
bo 0.000001 0.01 cov
ou st obs

The output was: ...

-------------------------------------
Parameter Estimates for Cum Incidence
-------------------------------------
Base Cum I .0199

-------------------------------------
Parameter Estimates for Covariances
-------------------------------------
A .0004
AA .0000
AAA .0162
.
--------- Expected Values ----------------------- ----- F-T Deviates -----

Cum I Cov Phi Odds Ratio Rec. Risk ++ +- -+ --
------------------------------------------------- ------------------------
# 1 .0199 .0166 .8534 2042.26 .856 +.0 +.0 +.0 +.0
# 2 .0199 .0022 .1136 8.43 .131 +1.0 -.4 +.0 +.0
# 3 .0199 .0022 .1136 8.43 .131 -.9 +.4 +.0 +.0
# 4 .0199 .0022 .1136 8.43 .131 +3.8 -1.6 +.0 +.0
# 5 .0199 .0022 .1136 8.43 .131 -4.1 +1.5 +.0 +.0
# 6 .0199 .0003 .0177 1.94 .037 +2.5 -.6 +.0 +.0
# 7 .0199 .0003 .0177 1.94 .037 +1.0 -.2 +.0 +.0
# 8 .0199 .0003 .0177 1.94 .037 -1.8 +.3 +.0 +.0

--------- Expected Tables ---------------------------------
++ +- -+ --

-----------------------------------------------------------
# 1 149.0 (.02) 25.0 (.00) 25.0 (.00) 8566.5 (.98)
# 2 67.8 (.00) 449.2 (.02) 449.2 (.02) 25078.5 (.96)
# 3 846.6 (.00) 5606.4 (.02) 5606.4 (.02) ******* (.96)
# 4 262.4 (.00) 1737.6 (.02) 1737.6 (.02) 97015.5 (.96)
# 5 156.2 (.00) 1034.8 (.02) 1034.8 (.02) 57772.7 (.96)
# 6 9.6 (.00) 249.4 (.02) 249.4 (.02) 12539.2 (.96)
# 7 37.7 (.00) 978.3 (.02) 978.3 (.02) 49188.3 (.96)
# 8 80.6 (.00) 2089.4 (.02) 2089.4 (.02) ******* (.96)

Gibbs Chi-Square= 49.73 (d.f.= 4; P= .000)
LogLikelihood = -4567.62 (AIC = 41.73)
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A6 Notes on measures of association in 2×2 tables

I have used several different measures of association for the 2×2 table

in this thesis: the odds ratio, relative risk, phi coefficient (Φ), Cohen’s κ,

Youden’s index (equal to another index, the risk difference) and the tetrachoric

correlation coefficient. Different measures are traditionally used for different

purposes - most notably the κ as a measure of reliability of rating. As is well

known, such coefficients are often simple functions of one another [Bishop

Feinberg & Holland 1975]. For our standard four-fold table (N=a+b+c+d):

a b

c d

where Po is the observed proportion of pairs in agreement/concordant, and Pe

Φ ad bc

(a c)(b d)(a b)(c d)

Youden s Index sensitivity specificity 1
a

a c
d

b d
1

a
a c

b
b d

ad bc
(a c)(b d)

Cohen s κ
Po Pe

1 Pe

( a d
N

(a c)(a b) (b d)(c d)
N 2

)(1 (a c)(a b) (b d)(c d)
N 2

) 1

2(ad bc)
(a b)(b d) (a c)(c d)

the proportion in agreement under the hypothesis of independence.

All the indices are strongly correlated therefore, and in symmetrical

tables such as those seen for twin pairs, Youden’s index and Cohen’s κ will

equal the phi coefficient. Marked differences between these indices are seen

in tables where the marginal proportions (a+b)/N and (a+c)/N are small and
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unequal (see Figure A5.1 and A5.2). The tetrachoric correlation is

approximately 5Φ/3 for Φ<0.8 (a polynomial term -0.01-0.15Φ2 improves the

approximation), and this relationship is not so affected by skewing of the

marginal proportions. Pearson showed that, asymptotically [Lancaster 1969],

rtet φ(1 φ2)
1

2

In the case of the intraclass equivalents of these indices, the probability

of falling into each category (marginal proportion) is assumed equal for all

members of the class, so that the different forms are equal to at least first

order terms.

Figure A5.1 Contour plot of absolute
difference between Φ and Cohen’s κ
versus the marginal proportions.
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Figure A5.2 Contour plot of absolute
difference between Φ and Youden’s index
versus the marginal proportions.
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A7 Placentation and concordance for common diseases

In the classical twin design, concordance for a trait is measured in

monozygotic (MZ) and dizygotic (DZ) twin pairs reared together, and the

overall contributions of shared genes, shared (eg family) environment and

unshared environment (including stochastic developmental events) estimated.

The assumption is made that MZ and DZ twins are acted up on by relevant

shared environmental exposures to the same extent, and it is usually this

"equality of environments" assumption that is criticised as unrealistic.

Phillips [1993] recently put forward the hypothesis that the intrauterine

and perinatal morbidity associated especially with monochorionic (MC) twin

pregnancies would lead to a breakdown of this equal (in this case,

intrauterine) environments assumption with respect to a number of complex

diseases such as hypertension, diabetes mellitus and ischaemic heart disease.

He selects these diseases because of evidence linking low birth weight (LBW)

with these conditions [Barker 1992].

The major fallacy in his argument, as stated, was the assumption that

alterations in mean birthweight will lead to alteration in covariance of

birthweight within twin pairs. MC twins are actually less similar in birthweight

than dichorionic (DC) monozygotic twins [Vlietinck et al 1989; Corey et al

1979]. Therefore, if birth weight is a risk factor for a given disease,

monochorionicity will actually decrease the MZ correlation, thereby decreasing

estimates of disease heritability.

If effects of chorionicity other than birthweight and prematurity are

responsible for differences between MZ and DZ twins [Reed et al 1991], this

hypothesis leads to a number of predictions - predictions which have been

routinely tested for and usually rejected in twin studies for a number of years:

(1) If the processes involved in MC pregnancy are important in the genesis of

disease, an increase in the mean or prevalence of a trait should be observed

in MZ twins. This may be the case for a number of developmental

malformations, but has not been noted for a number of other diseases; (2)

Since the second-born twin is more likely to suffer perinatal hypoxia and

trauma, prevalence of conditions where these mechanisms are important will
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be affected by birth order; (3) If MC placentas lead to greater sharing of

maternal or placental effects, this is one mechanism that can cause

differences in the total variance of a trait between MZ and DZ twin groups.

This is tested for in the case of continuous traits by a variance ratio test. If

such effects are detected, they can be explicitly modelled in many cases by

the addition of measured covariates such as birth weight, chorionicity if

recorded [Vlietinck et al 1989], or estimation of twin interaction effects [Neale

& Cardon 1992].

A further prediction is that classical twin studies will reach conclusions

inconsistent with those of other genetically informative study types. These

include inferential designs such as twin-family, nuclear and extended family

designs, and adoption studies, as well as those studies where genotype is

measured, rather than inferred. In a number of the diseases Phillips mentions,

molecular genetic evidence now exists to confirm the conclusions reached

using the twin method.

As one test of Phillips’ hypothesis, I examined data collected from the

3808 twin pairs of Cohort One and a subset of the mothers of these twins

responding to a detailed health questionnaire (the mothers questionnaire is not

the Q4 of the asthma study, but styled after the Q2). These data included

zygosity, reported birthweight (by the mother, or twin), placentation (single,

fused, or separate), and occurrence of "asthma or wheezing", "hayfever", "high

blood pressure (hypertension)", "heart attack (infarct or coronary)", "diabetes",

and "thyroid trouble" (Table A6.1). Single placenta MZ twins (of whom 75%

will be monochorionic - Table 11.1) did not differ significantly from DZ twins in

prevalence of any of these conditions. There were also no significant

differences in concordance between single and double placenta MZ twins

(Table A6.2), though the power for the less common traits is not high. I

conclude that effects such as those Phillips is concerned about are not large

enough to alter the broad conclusions made in the classical twin design about

genetic determination.
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Table A7.1 Cumulative incidence (directly standardised to the 1983 Australian

population) and approximate 95% confidence limits for medical conditions

reported by Australian adult twins (Canberra Questionnaire).

Reported

Condition

Standardised Cumulative Incidence

(per 1000)

Prevalence in

Australian

Population

(1989)†
One

Placenta MZ

twins

N=1666

Two

placentae

MZ Twins

N=244

DZ Twins

N=4018

Frequent

asthma or

wheezing

28.6

(19.0-38.2)

23.5

(4.1-43.0)

46.5

(37.2-55.8)

80.3

Frequent

hayfever

167.7

(135.5-

200.0)

92.6

(57.1-128.0)

166.1

(150.2-182.0)

97.6

Hypertension 155.3

(121.8-

188.8)

58.8*

(25.4-92.2)

154.3

(138.1-170.4)

71.2

Myocardial

infarction

15.8

(2.2-29.4)

0.0 20.61

(13.8-27.4)

----

Diabetes 3.5

(0.9-6.1)

0.0 12.5

(7.9-17.1)

11.4

Thyroid disease 40.1

(23.8-56.3)

63.0

(0.0-135.1)

39.1

(31.1-47.2)

8.4

Birthweight 2456 g 2553 g 2601 g

* Significantly lower than either group (P=0.01) in log-linear models

incorporating age, sex, and the intrapair trait correlation.

† Prevalence of long-term (six month or greater) conditions in the 1989-90

Australian National Health Survey [ABS 1992].
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Table A7.2 Probandwise concordance and 95% Pearson-Clopper confidence

limits for medical conditions reported by Australian adult twins.

Reported Condition

Concordance (per 100)

One

Placenta MZ

twins

N=767 pairs

Two

placentae

MZ Twins

N=112 pairs

DZ Twins

Same-sex

N=446 pairs

Frequent asthma or

wheezing

26.8

(12.2-45.6)

25.0

(0.8-73.3)

0.0

(0.0-23.0)

Frequent hayfever 43.6

(35.5-51.6)

60.6

(37.7-79.2)

29.6

(19.5-41.1)

Hypertension 48.6

(39.2-57.8)

15.3

(0.4-55.6)

24.4

(14.5-36.3)

(Myocardial)

infarction

25.0

(0.4-73.3)

--- 0.0

(0-53.9)

Diabetes 33.3

(1.0-83.4)

--- 0.0

(0.0-53.9)

Thyroid disease 23.5

(9.5-42.3)

22.2

(0.6-69.0)

7.7

(0.2-33.7)

Birthweight

(Pearson r)

+0.75

(0.72-0.78)

+0.79

(0.71-0.85)

+0.67

(0.61-0.72)
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A8 Univariate path analyses of diagnoses in 1980 screening questionnaire

I tabulate here for completeness the tests for age homogeneity alluded

to in Chapter 14, as well as other univariate analyses that were performed as

preliminaries to the multivariate analyses of Chapter 15. The age bands are

unequal in number of years, but approximately equal in size. Smaller groups

would make the use of LISREL WLS analysis inappropriate (note that the

DZM age cohorts are already too small). With the exception of "bronchitis",

there is no support for effects of the age cohorts selected on within-pair

correlation, though there are for cumulative incidence (Chapter 13).

Table A8.1 Intrapair tetrachoric correlations (×100) for lifetime bronchitis,

sinusitis, and eczema in respondents to 1980 questionnaire, missing response

recoded as never.

Trait MZF MZM DZF DZM DZX

Bronchitis 39 (4) 40 (6) 14 (6) 24 (8) 13 (5)

Sinusitis 43 (4) 37 (6) 22 (6) 22 (9) 13 (6)

Eczema 59 (7) 60 (9) 31 (9) 54 (13) 13 (5)
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Table A8.2 Results of LISREL model fitting for bronchitis in respondents to

1980 questionnaire, missing response recoded as never.

Model h d/c e df χ2

Females

ADE 0.53 0.32 0.78 0 1.48

AE 0.62 - 0.79 1 2.16

CE - 0.56 0.83 1 9.87

Males

ADE 0.64 0.00 0.77 0 0.02

AE 0.64 - 0.78 1 0.18

CE - 0.59 0.81 1 2.45

All excluding mixed sex DZ pairs

ADE 0.61 0.13 0.78 2 0.50

AE 0.62 - 0.78 3 0.51

CE - 0.57 0.82 3 12.51

All groups

ADE 0.52 0.36 0.78 4 1.48

AE 0.62 - 0.79 5 2.16

CE - 0.53 0.85 5 23.78

470



Table A8.3 Results of LISREL model fitting for sinusitis in respondents to

1980 questionnaire, missing response recoded as never.

Model h d/c e df χ2

Females

ADE 0.64 0.00 0.77 0 0.06

AE 0.64 - 0.77 1 0.06

CE - 0.56 0.83 1 9.87

Males

ADE 0.61 0.00 0.79 0 0.20

AE 0.61 - 0.79 1 0.20

CE - 0.59 0.81 1 2.45

All excluding mixed sex DZ pairs

ADE 0.63 0.00 0.77 2 0.51

AE 0.63 - 0.77 3 0.51

CE - 0.58 0.81 3 9.37

All groups

ADE 0.57 0.27 0.78 4 2.09

AE 0.63 - 0.78 5 2.29

CE - 0.54 0.84 5 21.44

471



Table A8.4 Results of LISREL model fitting for eczema in respondents to

1980 questionnaire, missing response recoded as never.

Model h d/c e df χ2

Females

ADE 0.77 0.00 0.64 0 0.03

AE 0.77 - 0.64 1 0.03

CE - 0.72 0.69 1 7.35

Males

ADE 0.80 0.00 0.59 0 0.22

AE 0.80 - 0.59 1 2.90

CE - 0.76 0.65 1 0.14

All excluding mixed sex DZ pairs

ADE 0.78 0.00 0.63 2 3.23

AE 0.78 - 0.63 3 3.23

CE - 0.73 0.68 3 8.07

All groups

ADE 0.77 0.00 0.64 4 0.03

AE 0.77 - 0.64 5 4.80

CE - 0.69 0.72 5 20.14
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Table A8.5 Intrapair tetrachoric correlations for four diagnoses on 1980

questionnaire by 3 age cohorts. Categories are "ever" versus "never"

suffered, with missing values scored as "never".

Cohort MZF MZM DZF DZM DZX

Asthma or wheezing

19-25 y.o. .65 .79 .42 .03 .17

26-35 y.o. .65 .73 .11 .20 .19

36-94 y.o. .53 .76 .27 .28 .32

Hayfever

19-25 y.o. .66 .70 .37 .29 .18

26-35 y.o. .63 .64 .25 -.06 .40

36-94 y.o. .53 .61 .34 .11 .22

Eczema

19-25 y.o. .66 .91 .31 .68 .11

26-35 y.o. .65 .57 .42 .56 .18

36-94 y.o. .49 .47 .20 .41 .21

Bronchitis

19-25 y.o. .50 .41 .04 .26 .12

26-35 y.o. .47 .23 .19 .23 .20

36-94 y.o. .27 .52 .19 .22 .08
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Table A8.6 Testing for sex homogeneity for asthma.

Males Females M & F Homogeneity

ADE Model

χ2 0.00 0.00 6.08 6.08

df 0 0 2 2

P 1.00 1.00 0.04 0.04

AE Model

χ2 2.52 0.14 7.96 5.30

df 1 1 3 1

P 0.11 0.71 0.04 0.02
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Table A8.7 Testing for age homogeneity for asthma.

19-25 y.o. 26-35 y.o. 36-94 y.o. All Ages Homogeneity

ADE Model (Males)

χ2 0.50 0.00 0.00 0.88 0.38

df 0 0 0 4 4

P 1.00 1.00 1.00 0.95 0.99

AE Model (Males)

χ2 2.33 0.70 0.26 3.48 0.19

df 1 1 1 5 2

P 0.13 0.40 0.57 0.69 0.90

ADE Model (Females)

χ2 0.34 0.10 0.00 3.37 2.93

df 0 0 0 4 4

P 1.00 1.00 1.00 0.31 0.36

AE Model (Females)

χ2 0.34 1.66 0.00 5.25 3.25

df 1 1 1 5 2

P 0.56 0.20 0.99 0.24 0.17
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Table A8.8 Testing for sex homogeneity for hayfever.

Males Females M & F Homogeneity

ADE Model

χ2 0.35 0.13 4.55 4.07

df 0 0 2 2

P 1.00 1.00 0.12 0.15

AE Model

χ2 5.12 0.13 5.37 0.12

df 1 1 3 1

P 0.01 0.72 0.15 0.75
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Table A8.9 Testing for age homogeneity for hayfever.

19-25 y.o. 26-35 y.o. 36-94 y.o. All Ages Homogeneity

ADE Model (Males)

χ2 0.00 1.77 0.07 3.14 1.30

df 0 0 0 4 4

P 1.00 1.00 1.00 0.79 0.85

AE Model (Males)

χ2 0.16 4.93 1.44 10.52 3.99

df 1 1 1 5 2

P 0.69 0.03 0.23 0.10 0.15

ADE Model (Females)

χ2 0.12 0.00 0.65 3.32 2.55

df 0 0 0 4 4

P 1.00 1.00 1.00 0.77 0.65

AE Model (Females)

χ2 0.12 0.36 0.65 3.32 2.19

df 1 1 1 5 2

P 0.73 0.55 0.42 0.65 0.35
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Table A8.10 Testing for sex homogeneity for eczema.

Males Females M & F Homogeneity

ADE Model

χ2 0.22 0.03 3.23 2.98

df 0 0 2 2

P 1.00 1.00 0.19 0.25

AE Model

χ2 5.12 0.13 5.37 0.12

df 1 1 3 1

P 0.01 0.72 0.15 0.75
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Table A8.11 Testing for sex homogeneity for bronchitis.

Males Females M & F Homogeneity

ADE Model

χ2 0.02 0.00 0.50 0.48

df 0 0 2 2

P 1.00 1.00 0.12 0.15

AE Model

χ2 0.22 0.18 0.51 0.11

df 1 1 3 1

P 0.64 0.66 0.15 0.74
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Table A8.12 Testing for age homogeneity for bronchitis.

19-25 y.o. 26-35 y.o. 36-94 y.o. All Ages Homogeneity

Model ADE (Males)

χ2 0.13 0.52 0.06 4.45 3.74

df 0 0 0 5 5

P 1.00 1.00 1.00 0.34 0.65

AE Model (Males)

χ2 0.13 0.52 1.44 4.45 2.36

df 1 1 1 5 2

P 0.72 1.00 0.23 0.34 0.32

ADE Model (Females)

χ2 0.40 0.00 0.37 7.89 7.12

df 1 0 1 4 2

P 0.53 1.00 0.54 0.09 0.01

AE Model (Females)

χ2 2.44 0.14 0.37 8.28 5.33

df 1 1 1 5 2

P 0.12 0.70 0.54 0.15 0.07
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