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ABSTRACT: The introduction of genetic approaches in respiratory epidemiology is
novel for most epidemiologists, and the post-genome phase poses new challenges. After
describing specific questions pertinent to the field of asthma and chronic obstructive
pulmonary disease, two main methodological aspects regarding technological and
scientific advances are presented in this review. The first one concerns biological aspects
in the genome and post-genome phases, i.e. how to study the genome, the transcriptome
and the proteome. The second area concerns genetic epidemiology, considering design
(case control and family based) and statistical analytical issues. Key aspects are large
sample size, good phenotyping and the consideration of environment-by-gene
interaction according to windows of opportunity.

Needs that have been identified include the following. 1) Networking for setting
standards in the field and access to sufficiently large samples. 2) Multidisciplinarity; the
collaboration of epidemiologists, clinicians, geneticists and specialists in bioinformatics,
in addition to specialists in disciplines less familiar to epidemiologists, to be prepared
for new phenotypic characterisations based on transcriptome and proteome. 3) Training
in genetic analytical techniques for some respiratory epidemiologists, as well as in
respiratory epidemiology for some genetic epidemiologists.

Implications for research, considering ethical aspects, public health aspects and
organisational aspects in the field of genetic and environmental respiratory
epidemiology also need to be addressed.
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Will genetics overwhelm the field of epidemiology? Should
epidemiology maintain its focus on environmental and public
health issues in this changing world? Is there a need for very
large population studies? Whereas the shared interests between
geneticists and clinicians may be pathophysiology, i.e. interest
in pathways, the shared interests of geneticists and epidemiol-
ogists may well be design and analytical issues, as developed
by genetic epidemiologists. One major problem is the belief
that one discipline is too complicated to be understood and
used by those outside the field, and the subsequent lack of
confidence in those from other disciplines. A major aim of the
present review is to list relevant questions pertinent to the
setting up of multidisciplinary research involving respiratory
epidemiologists, geneticists, environmental epidemiologists and
clinicians, a topic of increasing relevance with the current
development of national and international platforms. After
describing specific questions pertinent to the field of asthma
and chronic obstructive pulmonary disease (COPD), two
main methodological aspects regarding relevant technological
and scientific advances are presented. The first one concerns
biological aspects in the genome and post-genome phases, i.e.
how to study the genome, the transcriptome and the prote-
ome. The second area concerns genetic epidemiology, with
aspects related to design (case control and family based) and
statistical analytical issues. In addition, implications for research,
ethical considerations, public health and organisational
aspects in the field of genetic and environmental respiratory

epidemiology will be presented. In conclusion, key points are
summarised, and challenges and needs for the next steps in
respiratory epidemiology for the genome and post-genome
phases are discussed.

Current challenges in the genetics of asthma and COPD,
and in respiratory epidemiology

A rigorous approach to the study of the genetics of asthma
and COPD is needed in which all aspects of the aetiology of
such complex multifactorial diseases are identified. Appro-
priate phenotypic characterisation of asthma and COPD is
crucial. The heterogeneity of the effects of the environment
(short-term effects, long-term effects, cohort effects, cumula-
tive exposure, protective and deleterious effects, etc.) needs
to be considered. Questions arise regarding ethical issues in
relation to the potential identification of individuals particu-
larly susceptible to disease, mainly resistant to a specific
hazard. Detailed reviews on the genetics of asthma and
COPD may be found elsewhere [1–9].

Genetics are studied to understand underlying disease
mechanisms, to define subgroups of disease, to identify
individuals at risk, to prevent disease and to define new
targets for treatment. Genetic epidemiology is studied because
the current state of knowledge is inadequate, there are many
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polymorphisms and many inconclusive results from small
selected samples. Large samples in population-based studies
are required in order to study disease subtypes, gene-gene
interactions and gene-environment interactions [1, 2]. The
nonrandom combination of alleles at different loci on a
chromosome (linkage disequilibrium), which depends on the
genetic distance of the loci, the age of the mutation at either
locus and the history of the population, complicates the study
of relevant genes in population samples. In general, this
means that several single nucleotide polymorphisms (SNPs)
need to be studied simultaneously for each gene under
investigation.

It is likely that the genes that predispose to asthma have in
the past been selected to be common in the population. The
situation of Australian Aborigines serves as a good illustra-
tion of selection pressure. In this population, which is highly
infected with parasites, the total serum immunoglobulin E
concentration is negatively related to skin-prick test positiv-
ity. The nature of genetic polymorphisms differs from those
of Caucasian Australians and has stronger associations to
atopic phenotypes. In Europe as well, the population geogra-
phy may contribute much of the overall observed variation in
disease phenotype. Europe contains many environments and
has a nonuniform genetic structure. Genetic polymorphisms
in Europeans show signs of the spread of farming from the
Middle East between 10,000 and 6,000 yrs ago, followed by
the probable spread of Uralic people to the North East
of Europe and the spread of pastoral nomads (and their
successors) who domesticated the horse in the steppes and
appeared towards the end of the farming expansion [10]. The
genetic gradients remaining from these changing populations
will be relevant for the allele frequency and presence of
asthma genes, and will add to the complexity of gene identi-
fication. Examples of haplotypes that may vary markedly
between populations include the b2 adrenergic receptor and
the genes of the major histocompatibility complex.

Most known genetic influences on asthma have been identi-
fied by the study of candidate genes, i.e. genes of known
function. Several groups are now attempting to identify
new genes by positional cloning. This laborious process
involves three steps: 1) the study of genetic linkage (i.e. the co-
inheritance of disease and a chromosomal region); 2) fine
mapping of a region of interest; and 3) gene identification by
sequencing and the study of gene expression. Linkage studies
correspond to a group of methods that analyse the co-
inheritance of DNA markers within families, to determine if a
particular region of the genome contains a gene related to the
phenotype of interest. The lod score which is often used in
such studies is the result of a statistical test used to determine
if genetic loci are linked, expressed as log10 of the odds of the
observed data under two hypotheses, linked versus nonlinked.
Linkage studies by genome-wide screens have revealed that
linkages to some chromosomal regions coincide for asthma
and other immune disease, and that there are also organ-
specific coincidences, e.g. for atopic dermatitis and psoriasis.
Such observations suggest that genes affecting disease expres-
sion may be concentrated within a few chromosomal regions,
that there are clusters of genes with general effects, e.g.
influencing dermal inflammation and immunity, and that the
atopic component of atopic dermatitis may have a secondary
rather than primary influence. In asthma, positional cloning
has been successful, in particular, on chromosome 13 [11], and
has allowed the identification of a disintegrin and metallo-
protease 33 (ADAM33) on chromosome 20 [12] and
dipeptidyl peptidase 10 (DPP10) on chromosome 2 [13].

Although cigarette smoking is the major environmental risk
factor for the development of COPD, there is marked varia-
bility in the development of airflow obstruction in response to
smoking. The frequent development of COPD in individuals

with severe a-1-antitrypsin (AAT) deficiency (e.g. protease
inhibitor (PI) phenotype Z), a proven genetic risk factor
for COPD, has provided a foundation for the protease-
antiprotease hypothesis for the pathogenesis of emphysema.
Although only a small percentage of COPD patients
(estimated at 1–2%) inherit severe AAT deficiency, AAT
deficiency can serve as a model of the manner in which genetic
and environmental factors may interact to lead to COPD [14].
Additional genetic determinants, which have not yet been
identified, probably influence the variable development of
airflow obstruction in PI Z individuals. Besides PI, a variety
of association studies have compared the distribution of
variants in candidate genes hypothesised to be involved in the
development of progressive and irreversible airway obstruc-
tion in COPD patients and control subjects [15]. For each of
the candidate genes, at least one study refutes the association.
Several factors could contribute to the inconsistent results of
case-control genetic association studies in COPD, including
genetic heterogeneity and population stratification. In case-
control studies, observed associations of gene polymorphisms
with disease may be due to: 1) a direct effect of a candidate
gene; 2) linkage disequilibrium, that is an association of
susceptibility gene and genetic marker (between families, at
population level); and 3) population stratification, resulting
from incomplete matching between cases and controls,
including confounding by ethnic background. In the Boston
early-onset COPD study [16], a variety of phenotypes that
demonstrate smoking-related susceptibility in first-degree
relatives of early-onset COPD probands were identified
including forced expiratory volume in one second (FEV1),
FEV1/forced vital capcity, bronchodilator responsiveness and
chronic bronchitis. Linkage analysis results on both qualita-
tive and quantitative spirometric phenotypes show that
regions suggestive (i.e. pv7.4610-4) [17] for linkage for COPD
or spirometric values were located on chromosomes 1, 2 and
12 [18, 19].

The role that genetics could play in the understanding of
the aetiology of asthma is a matter of debate. The allergen
hypothesis does not appear to explain the global increase in
asthma prevalence. This hypothesises that the primary cause
of asthma (and, hence, of the global increases) is that allergen
exposure causes atopic sensitisation, which, in turn, induces
bronchial hyperresponsiveness (BHR) and asthma. In fact,
BHR is not a good surrogate measure of asthma prevalence,
and is more relevant to specific mechanisms of asthma [20,
21]. The proportion of cases attributable to atopy isv40% in
both children and adults [22]. There is not enough evidence
to conclude that allergen exposure early in life is a major
primary risk factor for developing asthma, as insufficient
cohort studies have been conducted to demonstrate that link
and, in fact, several studies have found no association. An
alternative hypothesis is that changes in susceptibility could
be occurring through better hygiene, producing reduced
infant infections, and thus a reduced T-helper (Th)-1 cytokine
response and an increased Th2 immune response. Key
features of westernisation, which have been suggested to
play a role, include small family size, reduction of infections
in early life (particularly gastro-intestinal), large size at birth
and changes in diet (with more fatty acids and fewer
vegetables). However, replacing the allergen hypothesis with
the hygiene hypothesis may be replacing one dogma with
another. The hygiene hypothesis is conceptualised within the
allergen Th1/Th2 paradigm, which appears to account for at
most one out of two asthma cases [22–24]. Even this may be
an overestimate because the association may not be entirely
causal and sensitisation may be a consequence of an asth-
matic predisposition. If the package of changes involved in
increasing affluence and westernisation can account for the
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increase in asthma prevalence, it does not necessarily invoke
classic atopic (Th2) mechanisms [25].

Genetic epidemiological studies may help in understanding
the origin of the disease. The greatest potential for population-
based genetic interventions occurs when the disease is known
to occur through a single well-defined mechanism, when only
a small number of genes are relevant to this mechanism
and when there is little temporal or geographical variation.
Asthma satisfies none of these conditions. It occurs through
multiple mechanisms that are not well understood; many
genes appear to be related to different aspects of the main
(allergic) mechanism that has been studied to date, and there
is major temporal or geographical variation that cannot be
explained by genetic factors. To date, asthma genetics has
had limited success in explaining a significant proportion of
asthma cases and even less success in explaining the popula-
tion patterns. The lack of replication does not mean that the
observed associations are invalid, but it does limit their
usefulness in both scientific and public health terms. The
expression of asthma as the increase of asthma and allergy in
the last 30 yrs could be primarily ascribed to environmental
changes. Genetics cannot account for the global increase in
asthma prevalence. Some considered that the importance of
genetic factors for health has been overestimated, and that the
ethical and practical problems in applying genetic knowledge
to interventions have been underestimated. Searching for
environmental causes of asthma is likely to yield useful and
useable results, whilst the study of gene-environment interac-
tions could play an important secondary role. A simplistic
approach would be to ignore genetics, although this would
not serve the epidemiological community well. To get to the
roots of the disease will be so complex that all of the skills
of the molecular geneticist and the epidemiologist will
be required, together with work on animal models. It is
important that new theories of asthma causation, including
nonallergic mechanisms, are developed and tested. The over-
all goal should be to incorporate more complex paradigms in
order to disentangle the aetiology of such a complex disease
or group of diseases. Subtypes should be considered; genetics
have shown that diabetes is no longer one disease. Inter-
mediate phenotypes are now popular, but difficult to define,
because the definition of intermediate pathways is debatable.
From the point of view of finding genes, the most promising
intermediate phenotype would be one that is the closest to
gene, in order to find linkage.

Perspectives of the genome and post-genome phases

Post genome refers to the period after the establishment of
the complete human genome sequence. The true post-genome
phase is yet to come. The knowledge of the genome sequence
is only a first step, the search for SNPs and haplotypes within
a given gene now requires a phase of resequencing, as a result
of errors in the currently available maps. Genes need to be
characterised by their sequence, their function, their regula-
tion and polymorphisms. In the post-genome phase, both
genetic epidemiology and technological considerations will
play a key role. Phenotyping may be improved in the future
through the study of the transcriptome and proteome.

The sequencing of the human genome has shown that there
are fewer genes than anticipated. The drafts already available,
whilst rendering genetics more accessible are imposing other
aspects of complexity, as a result of the smaller than anti-
cipated functional genes. A current challenge is to use this
knowledge for epidemiological applications. The require-
ments for genetic epidemiology include the availability of
DNA from large populations of patients, family members

and controls, high quality phenotypes, and clinical data and
methods for identifying gene or whole genome variation by
fast, low-cost and flexible genotyping. Technically, numerous
possibilities already exist. SNPs show variations in the genome
in every few hundred bases [26–28]. A large proportion of
putative SNPs in public databases have not been verified and
much more information is required on allelic frequences in
different populations. Assessing only two polymorphisms in
the coding region of each gene will not provide sufficiently
dense information. The frequency of the variants is heavily
dependent on the population and, in this regard, information
on the population distribution is critical. Haplotype pattern
information may be defined with a small number of SNPs
[29–32]. The sites within a gene that are common between
different haplotypes and may be related to a quantitative
phenotype (such as serum angiotensin converting enzyme
(ACE) for the ACE gene) may provide critical information on
the causal variant.

Epidemiological applications in large populations raise
technical challenges after SNP discovery. Mass spectrometry
is based on primer extension assay products of different
molecular weights run on a matrix and separated by their size.
Its strengths include speed (2 s per analysis), the possibility of
analysis of large numbers of individuals, the high quality due
to absolute result, the miniaturisation of sample preparation
(0.5–2 ng DNA per reaction) and the flexibility for the choice
of SNPs. Future technological trends include electric field
arrays, which are good for small number of individuals and
SNPs, oligonucleotide ligation, which is good for large
numbers of SNPs, and period-based technology and mass
spectrometry, which are the methods of choice for a large
number of individuals. The most appropriate and valid
methods for both large numbers of SNPs and individuals
are not yet established, and it is an intensive area of research
[33, 34].

The study of the transcriptome, through cDNA arrays, is
difficult but technically feasible and provides a new area of
quantitative phenotypic characterisation. Genome-wide gene
expression profiling using DNA arrays is the equivalent of
performing tens of thousands of Northern blots [35, 36].
Recent developments in this technology make it possible to
investigate interactions of a large number of molecules with a
large gene library, thus providing fundamental insights into
biological processes ranging from gene function to develop-
ment, cancer, ageing and pharmacology. These techniques
offer the possibility of a shift from small-scale, low-
throughput molecular biology to a functional genomics
approach. It will help further understanding of biological
processes, genetic networks and living systems by using large-
scale systematic, high-throughput technology, either in a
purely discovery mode or in combination with traditional
hypothesis-driven approaches. Systems biology is an emer-
ging field that aims at system-level understanding of biolo-
gical systems, which extends beyond the static description
of their isolated parts and basic mechanisms based on a
reductionist approach. It enables a systematic description of
the entire sets of DNA, RNA and functional molecules of
complete biological systems (genome, transcriptome and
proteome) and their metabolic interactions (the interactome
and metabolome).

Proteomics is the study of whole patterns of changes in
protein expression and their modifications. The situation
regarding proteomics is promising but even more difficult
from a technological viewpoint than genomics. Whereas there
are y30,000 genes, there may be 400,000–1,000,000 proteins
[37]. Generating hypotheses approaches and candidate (a
priori hypothesis) protein approaches are both of interest.
Technological aspects are still major considerations and have
not yet been solved. The human proteome project will not be
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deliverable without access to high-affinity ligands, produced
at genomically relevant cost and time. There is a need for an
enormous increase in throughput and reduction in the cost of
antibody development and ensuring that high-throughput
array avoids cross reactivity. It is anticipated that in the next
5 yrs, the cost will decrease by a factor of 100, thus making
the technology more accessible. Specialists aim to develop a
matrix capable of following the protein output of each and
every gene within the human genome. An aspect familiar to
epidemiologists is the dynamic nature of the human prote-
ome, which varies according to environmental characteristics
and the time of the day. Potential future applications include
so-called patient "cohorting", which aims to characterise
patients in order to develop markers of drug rejection,
prognosis, early diagnosis and disease management, etc.
Understanding biological networks is a challenge. Tools are
currently only available for v5% of proteins but practical
applications may be expected in the next few years in this area
as a direct application of knowledge gained from sequencing
the human genome [38].

Unsolved questions relate to the validity and quantitative
accuracy of the observed changes including the precision and
reproducibility of massive amounts of data, and the inferences
on levels of gene expression that can be drawn from the
hybridisation signal intensities of cDNA probes to gene
expression levels. A central issue is the choice of genes, which
should be the priority for further study. Studies of single
genes and clusters of genes, analysed in terms of common
functionality, interaction, coregulation and, ultimately, the
understanding of protein networks through their underlying
genes, may be informative. Setting standards will be essential
in order to facilitate the comparability of gene expression data
from different sources, and ensure the compatibility of differ-
ent gene expression databases and data analysis software.

The limiting factor in future studies is likely to remain the
phenotype rather than the genetic technology. Other aspects
to be considered are quality control issues, including back-
ground noise versus signal, the need of replicates in relation to
inter- and intra-subject variability, the number of samples
studied, and protection of results and the sharing of data (and
methods) in the context of public or private partnerships. The
amount of variability concerned at the proteomic level is
enormous, hence the challenge in applying these techniques.
Issues of validation at the population level are critical.

Genetic epidemiology: designs and analyses

The classical case-control design has entered into a new
phase in genetic epidemiology as a consequence of the develop-
ment of large-scale facilities for genotyping (table 1).
Furthermore, for diseases such as COPD, for which age of
onset is generally late, family-based designs have limitations.
New types of case-control designs in the context of the search
for genetic factors have appeared. Although well known
among genetic epidemiologists, such designs could be used
by respiratory epidemiologists without extensive training.
Contrary to classical linkage analyses, association studies are
intuitive to epidemiologists familiar with associations, selec-
tion, confounding and interactions in the context of environ-
mental factors.

Case-control design

Case-control studies in the context of post-genome epide-
miology are generally similar to classical ones, with some
specificities for the post-genome context. In the selection of

cases and controls population stratification has attracted a lot
of attention. An unmeasured confounder needs to be extre-
mely strong in order to change a relationship and, therefore, it
is likely that the importance given to population stratification
is somewhat exaggerated [39], an aspect recently highlighted
[40]. As population stratification may affect a range of poly-
morphisms, any effects can be minimised by using a very large
number of unselected markers (genome-wide control method
[41]) or by selecting markers involved in the population
substructure and employing a latent class analysis [42]. Close
attention to study design may also correct for population
stratification. Matching on ethnic background is not always
obvious, as it can be difficult to define ethnicity when it is
complicated by intermarriage in multi-ethnic populations.
Group matching is the usual technique used, the extreme form
using sibling controls with analysis by the sibling transmission
disequilibrium test (S-TDT). However, because siblings are
more similar genetically than unrelated subjects (overmatch-
ing), it has been shown that twice the sample size is required
when using sibling controls rather than unrelated controls.

Measurement errors have major effects, even when they are
nondifferential, i.e. unrelated to disease or exposure. The need
to properly measure disease cannot be overemphasised and
a particular type of measurement error is when the locus
associated with disease is not itself a functional variant and,
as a consequence, a flawed measure of true genetic risk
will appear. Assessment of interactions is also hampered by

Table 1. – Key points

Design issues
Case control, simple statistics but population stratification
Case-only design for studying interaction
Trios (TDT) based on siblings according to Mendelian

inheritance: simple statistics (Mac Nemar test), linkage
and linkage disequilibrium, avoid population
stratification but overmatching

Need for replication
Phenotype

Essential to be of good quality, problem of measurement error
Intermediate phenotype (strength: quantitative, close to gene;

limit: cost)
Subphenotypes for investigating pathways

Environment
Essential to understand the aetiology and address public health

issues
Protective and deleterious
Interaction with gene needs hypothesis before testing (pathways)
Distinguish statistical and biological interaction
Consider windows of opportunity

Large sample size
Subjects n w100 per group for adequate power in case control

studies, otherwise spurious results, debate about the
usefulness of very large numbers

200 families for TDT for one gene
Minimum allele frequency, i.e. consideration of allele of

epidemiological magnitude, such as 2%
Time

Related to phenotype (onset, severity)
Related to environmental exposure (cohort effect, age (lifespan))
Timing of environmental exposure prior to effect
Window of expression for genes

High throughput for studying genome, transcriptome, proteome
Ethics and public health

Consider to incorporate genetic aspects at the group level
(issues of mutuality, consent, banking, communication,
commercialisation)

Primary, secondary prevention
Relevance for public health

TDT: transmission disequilibrium test.
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nondifferential measurement errors. Statistical approaches
correcting for these distorting effects have been proposed [43],
and involve integrated validation, test-retest reliability and
substudies, although they still have to assume that repeated
measurements of risk factors are conditionally independent
given their true values.

There are similarities between the analyses of genetic
and environmental factors. New approaches, such as DNA
pooling are similar to ecological studies. Analyses regarding
genetic factors are easier than for environmental ones from a
certain point of view. Genes are time-independent for a given
individual and nature delivers genes in a balanced, factorial
design.

Family-based studies

Design issues of family-based studies [9, 44–46] and the
concepts behind the methods of analysis of such designs [47]
should first be considered. For the identification and descrip-
tion of susceptibility genes for complex diseases using genetic
markers two basic strategies are employed: genome scans and
the investigation of candidate genes [48]. Candidate genes
should be identified on the basis of their function. Clear
("narrow sense") candidates are genes with known function or
structure related to the disease and to identified abnormalities,
or to relevant animal models. Less clear ("broad sense")
candidates are genes that are part of a biological system with
more speculative influences on the disease. They can be of
interest, especially when they are in a region that has
suggested linkage on previously reported genome scans or
when based on data from expression profiling in relevant
tissues. Susceptibility genes for complex diseases can be roughly
subdivided into three classes: 1) major genes (generally rare,
highly penetrant and the main research focus in the past); 2)
oligogenes (that might be quite frequent in the population,
which contribute a moderate risk that might become higher
in combination with other risk factors); and 3) polygenes
(contributing only a small effect and with many required to
influence disease expression). Current interest in public health
research is now focusing on oligogenes. Genetic epidemiolo-
gical studies using genetic marker data for the investigation of
susceptibility genes have two principal goals [48]. The first
goal is the identification of the risk factor susceptibility gene,
which can be subdivided into localisation and provision of
evidence for the influence. The second goal is modelling the
role of this risk factor.

The goal of the genome-wide search is the localisation of a
susceptibility gene by linkage analyses, using genetic markers.
Genetic markers are parts of the DNA with known and
unique locations, and can be used to identify the different
alleles (subtypes) and thus an individual9s genotype. Linkage
is the cosegregation of marker alleles and disease in relatives
[49]. A very common design is the investigation of y350
markers evenly distributed on the total genome (average
marker distance 10 cM) in families with two affected siblings
and their parents (affected sib-pair design). More generally,
designs for linkage include large families with many affected,
2–3 generations with multiple affected, families with affected
sibs, families with one affected child and the study of isolated
populations. Scores derived from qualitative and quantitative
traits may be used as phenotypes, and, in the case of large
cohorts, consideration of extreme phenotypes may be of
interest. The major advantage of a genome-wide scan is that
no biological mechanism must be known or assumed. How-
ever, because of the multiple testing of hundreds of markers, a
balance between false-positives and false-negatives may be
found [50], and statistical significance is, therefore, difficult to

attain. Regions suggestive for linkage according to a genome
scan can then be used as a starting point for fine-mapping,
including the investigation of possible candidate genes in this
region.

In the traditional case-control design, it can be difficult to
ensure the quality of the control sample since controls must
be from the same genetic background as the cases. To avoid
spurious findings as a result of population stratification,
family-based controls are sometimes used. The principle of
TDT [47, 51, 52] is based on parental control alleles. The
TDT, equivalent to a McNemar9s statistic familiar to
epidemiologists, simultaneously tests for linkage and gametic
disequilibrium. Independent of the issue of population
stratification, family-based study designs may be preferred
as they can sometimes be easier to implement than traditional
case-control designs. Two examples are when cases are young
and parents are easy to recruit, and when the cases represent
an ill-defined target population, so that an appropriate
population control group is difficult to define, therefore,
making parental or sib-controls an appealing alternative. It
also allows use of existing collections of families. The case-
parent trio design is based on sampling affected cases and
their parents, measuring phenotype information on only the
cases, but measuring a genetic marker for the cases and all
parents. Each parent is classified according to which allele is
transmitted and which is nontransmitted to the affected child.
The alleles not transmitted to the affected child are used as
a family-based control ("pseudo-sib"). Only heterozygous
parents can yield information. Another powerful genetic
epidemiological perspective is that the case-parent trio can
be viewed as a matching of a case with three "pseudo-sib
controls". Although traditional conditional logistical regres-
sion can measure the main effects of genes and gene-by-
environment interactions (i.e. whether allele transmission
depends on the child9s exposure to environment factors of
interest), it cannot measure the main effects of environmental
exposures, as it is a case-only design and environmental
factors are measured only in the affected children. The
relative risk can be biased towards one, because it is assumed
that the pseudo sibs are never affected, which is rarely true for
a common disease. The true relative risk may also be greater
than the observed odds ratio if there is recombination or
incomplete linkage disequilibrium. Another potential source
of bias occurs when a marker is in linkage disequilibrium of a
lethal foetal gene. This bias can go undetected because allele
transmission is compared to expectation of Mendelian trans-
mission (i.e. there are no true controls). Therefore, caution is
necessary in the interpretation of case-parent trios designs.
The power of the TDT approach depends on the number
of heterozygous parents and on the relative transmission
probabilities of the marker alleles. Two hundred families
might be appropriate for a wide range of genetic models
to detect a locus with genotype relative risk of o2 with a
significance level of 5% and a power of 80%, buty600 families
may be required when a wide range of genetic models are to
be investigated.

Sib controls are a reasonable alternative to parental
controls, particularly when parents are not available, such
as when cases only express the disease of interest in late adult
life. The most efficient way to analyse a case with sib controls
is with a matched design, where cases and their sibling
controls define a matched set, analysed using traditional
conditional logistical regression models. Sibling controls are
not biased by segregation distortion, but they may be difficult
to match for age and sex. They are informative if their geno-
types differ, although the design still suffers from the
problems associated with overmatching. Larger pools of
cousin controls matched on age and sex could be used, but
potential biases can appear. Therefore, pseudo-sibs remain
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the most efficient controls for rare recessive major genes [53].
Regarding efficiency, population controls have similar effi-
ciency as pseudo-sib controls, and both types of controls are
more efficient than cousin controls and much more efficient
than sib controls. Siblings are less efficient than population
controls for gene main effects due to overmatching, and
generally require twice the sample size as for population
controls. However for gene environment interaction, siblings
are more efficient than population controls as overmatching
on genotype helps to find significant gene-environment inter-
actions. Although families may be collected for a study, there
can still be very good reasons to sample controls from the
population, in order to compare the familial multiplex cases
versus the population controls.

In conclusion, weaknesses of family-based studies include
"overmatching" genetic background (a big problem for sib
controls and major gene effects), loss of cases when there
are no eligible controls, nonpaternity and more difficulties in
recruitment than traditional case-control studies. Strengths of
family-based studies include the ability to control population
stratification, efficiency when parents are available (young
cases) and efficiency for gene-by-environment interactions.
Family-based studies also have genetic benefits, namely infer-
ence on haplotypes (more informative than single SNPs),
checking genotype errors (Mendelian inconsistencies) and
detection of parent-of-origin effects (imprinting). It is impor-
tant to note that, in the context of a family-based study,
the genetic relative risk has a different meaning than in
association studies, which compare cases and controls. An
attributable risk cannot be assessed using families; a case-
control study is required.

Gene-environment interaction

Before the current interest in gene-environment interaction,
interactions between environmental factors had been the
subject of numerous discussions. Three important forms of
"interaction" appear in genetic epidemiology, including between
two copies of an allele on an autosome ("dominance"), between
two loci ("epistasis"), and between gene and environment.
Since the original description by Fisher in 1918, statistical
interaction (which is scale dependent and only corresponds to
deviation from additivity of the effects of two factors) sheds
little light on biological mechanisms, as recognised by many
epidemiologists by the late 1980s. For the joint effects of two
risk factors, there are numerous possible null hypotheses for
independence of a causal action [54]. Targeted interventions
are often aimed at risk subgroups, although whole population
interventions may be more effective [55]. In the presence of
a strong interaction with a known risk factor, a test which
allows for such an interaction may have more power to detect
a novel factor, although the gain in power is modest unless
there is a reversal of the direction of the effect. New designs
include case-only studies, which rely on the Mendelian
randomisation between genotype and environmental cause
or between two genotypes within the population. When the
interest is only on interaction, it can be simply studied by
departure from the multiplicative model.

Gene-environment interactions are a matter of debate at a
conceptual level. Often it is viewed as an antidote to deter-
minism, with the idea that some interactions may counter-
balance genetic risk in subjects identified at high genetic risk.
Arguments to study interactions include biological plausi-
bility, improvement in specificity, increased strength of such
interactions in susceptible groups, and reduced likelihood
of bias and confounding. Arguments against the study of
interactions are their scale dependency, the problems of

multiple comparisons and the large samples needed for
adequate power. In the 21st century, there will be increased
focus on effect modification, rather than association, as the
basis for causal inference. Success can be anticipated in
diseases where synergistic biological interactions are already
suspected whereas success in common multifactorial diseases
is less likely and will depend on aggregating susceptibility.
Functional traits may be more informative than genotypes for
this purpose. The impact of ignoring gene-by-environment
interaction on the detection of complete linkage disequili-
brium may hamper the identification of the potential function
variant. It is important to use models that take into account
both linkage disequilibrium and gene-by-environment inter-
action in order to disentangle the mechanisms underlying
complex diseases.

Illustrations of potential gene-by-environment interaction
in the context of asthma and COPD epidemiology may be
found by looking at the main hypotheses for asthma and
COPD in the epidemiological literature [9]. The British, the
Dutch and the protease-antiprotease hypotheses for COPD,
and the hygiene hypothesis for asthma provided interesting
examples. The British hypothesis may be considered an
environmental hypothesis and the Dutch hypothesis a gene-
(host factor, represented by asthma, BHR and allergy)
by-environment (e.g. irritant) interaction. The protease-
antiprotease hypothesis starts as a genetic hypothesis (PI)
and ends in the hypothesis that both genes (PI) and environ-
ment (smoking) act on the same physiological pathway.
Finally, the hygiene hypothesis has moved from an environ-
mental hypothesis (contact with infectious agents), to an
interaction between native immune pathway genes and
exposure to endotoxin. Interactions of PI and smoking [56],
CD14 and toll-like receptors in the context of the hygiene
hypothesis [57, 58] may be found. Interactions with oxidant
exposure, such as smoking [59], air pollution [60] or occupa-
tional exposure [61], and with aspirin [62] have been evidenced
as well as gene-by-gene interactions [63]. In conclusion, it has
become essential to consider all the genes in a pathway,
and due to the number of potential candidate genes already
identified, there is a need for well-founded gene-by-
environment hypotheses and their subsequent testing
(table 2). Potential conflicts between disciplines due to their
internal logic need to be addressed. The consideration of
pathways and time effects is centrally important. The history
of the individual9s environmental exposures, the history of
disease expression, which led to consideration of intermediate
phenotypes, the phenotypes of the disease itself, as well as
phenotypes describing severity and exacerbations. Respira-
tory epidemiologists are well aware of issues of selection and
confounding that were just as relevant to genetic epidemiol-
ogy, but less aware of the potential of family-based designs.
Conversely, biologists and geneticists often raise methodolo-
gical questions which had been previously addressed (and
possibly solved) in the context of environmental factors.
Clearly, more multidisciplinary work would be of mutual
benefit for the full range of disciplines involved (table 2) in
further studies of the origins of asthma and COPD, and the
potential for disease prevention.

From genetic epidemiology to public health

Studying the genetics of complex diseases is a multi-
disciplinary enterprise. Studying families can allow gene
identification by positional cloning for monogenic diseases,
with the major role devoted to human geneticists, along with
an important contributing role for genetic epidemiologists,
although a lesser role for clinicians. Positional cloning is still a
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paradigm for complex diseases, but it needs a different struc-
ture. Debates between scientists interested in function (gene-
driven research) and those interested in disease aetiology
(disease-driven research) are constructive and these two
approaches need to be combined. Geneticists are no longer
in the position to set up a project on their own, and the
competence of genetic epidemiologists and clinicians is
necessary. From the genetic epidemiologist9s perspective,
environmental contributions fall into the remit of molecular
epidemiology. For example, a National Genomics Research
Network has been established in Germany with disease-
oriented networks and several platforms, amongst which
there is one for high throughput genotyping, and one for
design, data management and analyses called the Centers for
Genetic Epidemiologic Methodology. It is only by fulfilling
the need for competence and expertise in phenotypes, geno-
types and in methodology that there is any chance of solving
some of the genetic components of the aetiology of complex
diseases (table 2).

The Human Genome Epidemiology (HuGE) initiative is a
collaborative effort of individuals and organisations that are
committed to the development and dissemination of popula-
tion-based genome data worldwide [64] with a public health
perspective. Potential applications include primary prevention
(such as aiding at understanding the biology of diseases,
potentially leading to the development of strategies based
on mass intervention or target risk intervention approaches),
secondary prevention (such as the development of primary
tests for population-wide screening) and therapy (such as
choosing among alternative interventions) [65–67]. Relevant
information includes: 1) prevalence of gene variants; 2)
assessment of the contribution of gene variants to the
burden of disease and disability (penetrance and attributable
fraction); 3) the magnitude of disease risk associated with
gene-gene and gene-environment interactions in different
populations and relevant to targeting intervention; 4) the
clinical validity and utility of genetic tests; and 5) the deter-
minants and impact of genetic tests and services. Epidemio-
logical data on their own are clearly not enough, and it is
important to develop policies to integrate genetic testing
into medical or public health programmes for public health
professionals and policy makers, researchers, healthcare
providers (primary and specialists) and consumers. HuGE
Net aims at developing information exchange, the knowledge
base (with reviews on specific aspects), training and policy.

The term epidemiologist encompasses several dimensions,
with the respiratory epidemiologist, the risk factor epidemiol-
ogist, the environmental epidemiologist and the genetic epide-
miologist. From a geneticist9s point of view, epidemiologists
and clinicians are often viewed as collectors of good family
cohorts (i.e. providing phenotypes and DNA) for groups with

genotyping facilities. One of the challenges of the post-
genome period is to understand and get the appropriate
training that will ensure a true integration of the various
facets of the work of an epidemiologist interested in one given
disease (table 2).

Ethics

Genetic epidemiology, and DNA sampling and have
banking raised new ethical questions. Presently, four different
kinds of banks exist according to their mode of constitution:
1) those built through research activities in universities and
hospitals; 2) those established following legislative decisions,
such as in Iceland and Estonia, where whole countries have
decided that DNA is a national resource to be exploited in
their country; 3) commercial banks established by pharma or
by start-up companies with the intent of commercialising
results of research; and 4) virtual banks corresponding to
entities which are soliciting DNA donors via the worldwide
web and sending the results to individuals or through
physicians.

Furthermore, it is important to point out the increased
interest in the DNA of heterogeneous populations as opposed
to high-risk populations, or of isolates (in population terms).
The target has changed with the mapping of the genome and
the study of SNPs in large populations [68]. This implies, in
turn, that ethical aspects not only have to consider the issues
raised by the typology of emerging banks, but also have to
move away from the monogenic model of research in
homogeneous populations. Most ethics codes have concen-
trated on individual rights (autonomy, consent, discrimina-
tion, confidentiality, etc.). The guidelines proposed no longer
completely respond to the new issues raised by population-
banking studies. The development of normative frameworks
appears necessary. Some of the new relationships between
research, populations and society have already been addressed
by bodies such as the United Nations Educational Scientific
and Cultural Organisation, World Health Organization, Human
Genome Organisation, and Council for Internal Organiza-
tions of Medical Sciences [69–71].

At least six important issues need to be addressed as
follows. 1) Recruitment. 2) The principle of mutuality i.e.
involving healthy populations and communities with no direct
immediate benefit and consent to participate. Finding a way
for the community to express itself in such a context is needed
[72]. Anonymised samples generally have limited use, thus it
may be possible that in the next 10 yrs coded DNA could be
used in an ongoing fashion provided there is ethical review. 3)
Confidentiality as individual anonymisation or coding cannot
mask the issue of genetic susceptibility profiles, which can

Table 2. – The challenge of respiratory epidemiology in the genome and post-genome phase

Building studies on professional approach for phenotypic characterisation, environmental characterisation, choice of design, choice of
genes, technical aspects of genotyping and statistical analysis and standards setting

Large sample size (power issues for genetic aspects considering the whole genome and gene-environment interaction, technological
advances, new issues regarding ethical aspects, public health aspects)

Networking required for large sample size, study replication, variability of environment and genetic background between countries
Combining exploratory approaches (finding new genes, new proteins) and hypothesis-driven research, especially focused on physiological

pathways
Building capacity to react quickly to new genetic developments
Preparation for near and distant future for new phenotypic characterisation through expression profiling based on transcriptome and

proteomics
Need of high-level informatic specialists
Training in genetic analytical techniques for some respiratory epidemiologists, a challenge but of moderate difficulty for those already

with a classical epidemiological training
Training in respiratory epidemiology for some genetic epidemiologists, a challenge to motivate them on phenotypic characterisation issues,

importance and complexity of environmental factors
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emerge on a group or a region. 4) Banking has to be
considered prospectively due to its sociological, psychological
and cultural implications. In particular, policy clarifying
aspects such as the change in principal investigator, lack of
funds, the structural aspects of the institution and responsi-
bility issues should be transparent. 5) Communication of
results needs to be clear upfront. 6) Commercialisation issues
also need to be addressed [73].

Moreover, while people generally cannot own their DNA,
they do exercise control, and the institution, custodianship.
Transformation of the DNA adds intellectual know-how to
the sample. Patenting can only be on what is novel, inventive
and has economic utility. There is ongoing debate between
countries on how to distinguish between discovery and inven-
tion. Intellectual property rights may have commercial value
and that should be clear from the outset. The notion of shared
benefits for the people as a group has also emerged in the last
5 yrs. Current discussions centre on whether populations get
recognised for their contribution or receive something back as
immediate investments in public health or for humanitarian
purposes [72]. It is in that context that some countries have
requested to co-patent the DNA, whilst others request that
DNA should always remain in the country of origin or only
leave the country after approval by a central representative
body. The post-genome phase has raised various new aspects
regarding confidentiality, traceability, commercialisation and
patenting, feedback to the subjects, and differences between
countries, which all need to be addressed.

Requirements for the inclusion of genetic research in
respiratory epidemiology

The relevance of incorporating genetics in respiratory
epidemiology is not obvious to all, although it is generally
agreed that new concepts and approaches need discussion
before putting them into practice. More information, training
(both of respiratory epidemiologists and geneticists) and
discussion appear necessary (table 2).

From the epidemiological perspective the importance of
valid case-control designs for association studies should
be emphasised, which is within the area of expertise of the
epidemiologist, and hence reassuring. Geneticists could be
reminded of the central importance of good phenotypic
characterisation, which is strongly grounded in respiratory
epidemiology. The need for large sample size and replication,
and the concept of population stratification (one type of
confounding) are now well understood. Future studies should
systematically collect information on the origins of indivi-
duals participating in such studies. Building nested case-
control studies within cohorts and getting ready to react quickly
to new genetic developments, as they became available would
be efficient. Defining standards of study, thereby allowing the
full realisation of the opportunities within existing cohorts,
has been suggested. Improvements in organisational aspects
that respect the existing framework of various studies are
needed to encourage networking and possible aggregation of
data banks, including recognition of the work requested to set
up biological collections [74]. In the field of respiratory
epidemiology, there is already an excellent foundation with
regard to standardisation, as evidenced by initiatives such as
the British Medical Research Council questionnaire for
COPD, the European Community Respiratory Health
Survey, and the International study of Asthma and Allergy
in Childhood studies for asthma.

Whilst not forgetting the major importance of environmental
factors, and in particular of smoking in the context of COPD,
there is now a consensus among epidemiologists that genetic

research merits serious consideration. To understand the
complexity of environmental influences, it is necessary to take
into account the pertinent window of exposure for a disease
with a variable expression over time. A real strength of the
respiratory epidemiological community resides in methodo-
logical aspects, as many of the complex issues raised in genetic
research have a great deal in common with issues and
challenges in the design and analysis of traditional environ-
mental epidemiology. New possibilities of collaboration could
emerge between environmentalists and geneticists through the
high level in statistical modelling of epidemiologists, with a
current focus on environment. Design and statistical aspects
are probably the bridge between the respiratory and genetic
communities, at their common interface with genetic epide-
miology. Training epidemiologists in these fields will provide
the knowledge for deciding whether it is the time to
incorporate the "new genetics" into epidemiological research
and public health, and, conversely, training of basic scientists
and clinicians in epidemiological methods is a necessary step
to develop true multidisciplinary research. International
networking, in particular at the European level, is now
emerging with the support of various initiatives of European
scientific societies, in particular for asthma and allergic
diseases, and should provide the framework for the challenges
of post-genome respiratory epidemiology [75, 76].

Acknowledgements. The authors would like to
thank all those who made the Cernay seminar
possible. It was organised by the European
Respiratory Society and supported by the Inter-
national Epidemiological Association (IEA), the
International Genetic Epidemiology Society
(IGES) and Institut National de la Santé et de
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Montréal. HumGen. International database on the legal,
social and ethical aspects of human genetics. www.humgen.
umontreal.ca/en/. Date last accessed: 3 March, 2004.

71. HUGO (Human Genome Organization), Ethics Committee,
Statement on Benefit-Sharing, 2000. www.hugo-international.
org/hugo/benefit.html. Date last updated: 9 April, 2004. Date
last accessed: 6 June, 2004.
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