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Madrid, Spain Abstract: Epidemiologists are reformulating their classical approaches to diseases by

considering various issues associated to “omics” areas and technologies. Traditional
differences between epidemiology and genetics include background, training,
terminologies, study designs and others. Public health and epidemiology are increasingly
looking forward to using methodologies and informatics tools, facilitated by the
Bioinformatics community, for managing genomic information. Future microarray
developments will also facilitate the analysis of entire genomes on single arrays,
enhancing genetic epidemiology research. The use of biomarkers, biobanks, and integrated
genomic/clinical databases poses serious challenges for bioinformaticians in order to
extract useful information and knowledge for biomedical research and healthcare. In this
regard, there are various ethical, privacy, informed consent and social implications that
should be carefully addressed by researchers, practitioners and policy makers.

1. Introduction

Diseases are not inherently uniform.
Cancer, diabetes, allergies, rheuma-
tologic or neurodegenerative diseases
can no longer be understood without
incorporating new molecular data. They
can present different etiology, risk
factors, markers, genetic suscepti-
bilities, diagnostic conditions, therapy
indications and patient management
peculiarities. Until recently, epidemi-
ology has not adequately considered
these variations, and research is only
beginning to show the whole scenario.
Old approaches, based only on clinical
definitions of diseases, are being
redefined. New ideas arise that aim to
characterize diseases at a systems
biology level, using genetics,
proteomics, physiology and population
biology [1]. The new data collected
from integrated studies based on these
new perspectives can be analyzed and
mined to generate scientific hypotheses
that will be evaluated by researchers

[2]. In this regard, there is a high
potential of combined molecular and
genetic epidemiology approaches in
the prevention of various diseases (e.g.,
cancer, diabetes) through early identi-
fication of  people “at risk”, suggesting,
for instance, dietary indications that
can be quite useful in preventing the
onset of the disease [3,4].

Epidemiology and genetics have
traditionally been separated. Epidemi-
ology can be defined as the study of the
etiology, risk factors and distribution of
a disease or physiological condition in
human populations and of the factors
that influence this distribution [5]. It
aims to study disease patterns and
their related circumstances in specific
populations mostly from an observa-
tional perspective (since the subjects
of study are not usually exposed to
specific conditions designed by
researchers). It involves the study of ill
and “healthy” people, which clearly
differentiates such studies from most

clinical research [6]. Epidemiology has
usually relied on evaluating a small
number of genetic and phenotypic
characteristics, which are often diffi-
cult to measure, such as mutations,
metabolic or immunological markers,
or ethnicity. New molecular
technologies provide tools to directly
track DNA sequences for analyzing
pathogen distribution, or genetic
variations related to drug resistance or
specific morbidity [7]. Genetics has
usually centered on rare diseases,
caused by mutations in single genes,
and affecting a small percentage of the
overall population. Public health
professionals have traditionally included
genetics in their routine, but only in
concrete cases such as birth defects
prevention or inborn errors of
metabolism [8].

Since genetics and epidemiology
have followed separate paths, it is not
surprising that terminologies are some-
times different for the same concept.
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For instance, ‘association studies’
(genetics) and ‘case–control studies’
(epidemiology) refer to a similar type
of study. Terms can also be misused,
such as ‘gene’ and ‘allele’ in genetic
literature and by epidemiologists [6].
Collaborations between epidemiology,
molecular biology, bioinformatics (BI),
medical informatics (MI), and genetics
are currently being established,
particularly since researchers have
realized that the results of the Human
Genome Project can provide new data
sources useful for discovering the
causes of diseases and to find new
diagnostic methods and therapies.
Since all of these disciplines are based
on different backgrounds, foundations,
study designs, training, assumptions,
methodologies, tools, decision-making
techniques and terminologies, inter-
actions are not easy [2,9].

Besides the classical approaches of
epidemiology devoted to the study of
the factors that are responsible for the
development of a disease, public health
is confronting new challenges derived
from a number of facts over the last
few years: globalization, emerging
infectious diseases, rise of antibiotic
resistance and biodefense. The blurring
of national borders for socio-economic
reasons is facilitating the dissemination
of infectious agents throughout the
world. The global resurgence of infec-
tious diseases presents a great threat
to everyone’s health. The incomplete
or inadequate use of antibiotics leads
to resistant microorganisms. Research-
ing potential bioterrorism threats, like
anthrax, tularemia or plague, requires
a comparison of genome structures
and functions to provide clues for the
development of diagnostic tests and
the design of antiviral and prophylactic
vaccine strategies. In all these fields,
advances in public health and epidemi-
ology are increasingly dependent on
sound methodologies and tools for
acquiring, storing, integrating and
analyzing genomic information from

the human host and the different
pathogenic microorganisms.

2. Genomic Research and
Bioinformatics: Current
Issues

The success of the HGP has
attracted the interest of BI profes-
sionals, academicians and industry.
Now that the first efforts have been
completed, a transition from a  genomic
to a post-genomic era will appear
[10]. The latter will imply a new agenda
in health research and novel directions
and applications in education and care
[11,12]. Interactions with BI, bio-
engineering, cognitive science,
epidemiology and biostatistics will be
important interdisciplinary collaboration
challenges that might be explored
[13,14,15,16].

Over the last few years, the use of
the term “omics” has spread across
the fields of genomics, proteomics,
metabolomics and others, aiming to
provide a unified vision for under-
standing their underlying common
mechanisms and the scientific meth-
ods and tools needed to advance
research in these areas. This unified
vision of “omics” areas is particularly
adequate for providing multiple
relationships with external disciplines
such as BI, computational biology,
genetic epidemiology and other related
fields. In this regard, a workshop has
recently been held to examine the
links, challenges and limitations of the
“omics” areas, when they are related
to toxicology (including ecotoxicology)
and epidemiology, as well as their
ethical, social, and legal implications
[17]. Four overarching issues emerged
regarding the use of “omics”
technologies:
(1) Risk assessment in the framework

of toxicology and epidemiology.
(2) Effective application of “omics” to

epidemiological studies will require

suitable biological samples from
large and diverse population
groups at relevant time periods of
exposure.

(3)From ethical, social, and legal
perspectives, the “omics” technolo-
gies need the involvement of the
research, academic, regulatory,
public, and industry communities.

(4)A unified research agenda as
applied to toxicology and epidemi-
ology is urgently needed.

BI can be defined - adapted from
[18] - as an area dedicated to the
acquisition, processing, storage, distri-
bution, analysis and interpretation of
biological data by means of computing
methods and tools. Some popular
software programs have been available
for searching and comparing databases
and sequences [19]. GENBANK, the
main DNA sequence database, was
created in 1980 and SwissProt, its
equivalent for proteins, became opera-
tional in 1987 [20]. Many BI programs
have been developed in academic
settings and have become commercial
products, offering integrated sets of
tools for molecular biology data
management. The WWW has been
generally accepted as the infrastructure
for accessing biological databases and
programs, designed for information
exchange and retrieval in biological
research. An outstanding inititative in
this area is the Human Genome
Epidemiology Network (HuGENet),
http:/ /www.cdc.gov/genomics/
hugenet/default.htm, lead by the Office
of Genomics and Disease Prevention
from the Centers for Disease Control
and Prevention (CDC).

Many tools have been developed to
analyze and annotate DNA sequence
information [21]. Some researchers
[22,23] suggested that software tools
for full-genome sequencing may
successfully link genomics, population
genetics, and epidemiology, leading to
advances in the scientific discovery of
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the underlying processes of diseases.
Future developments related to
microarrays may facilitate scanning
and the analysis of entire genomes on
single arrays, allowing new studies in
genetic epidemiology [23].

BI and computational biology
approaches and tools can be instru-
mental in the pharmaceutical industry
for drug design and high-throughput
screening of potential antimicrobial
candidates. Rapid information
exchange through specialized databases
over the Internet can accelerate
international health programs as it did
for the Human Genome project [24].
New advances in pharmacogenomics
may lead to a significant demand for
clinical trial sites, transferring some
studies to developing countries.

There has been a massive amount
of data in epidemiology and public
health, which has not attracted
enough efforts at developing new
computerized methods for analysis.
With the advent of additional genomic
data, epidemiologists must choose a
high number of markers and be able to
analyze the genotype for each partici-
pant in any study. Novel statistical and
data mining methods will be needed.
One solution is to increase the number
of studies and participants involved,
but this can be quite expensive.
Methods to gather data from hetero-
geneous studies and databases can be
used to solve this problem.

3. New Proposals / Initiatives
in Genetic Epidemiology

The Environmental Genome Project
was launched in 1997 at the US
National Institute of Environmental
Health Sciences to address research
into the role of genetic variation in
response to environmental exposure in
large populations [25]. Susceptibility
genes must be characterized in order

to predict risk from environmental
exposure and response to pharma-
ceuticals. Human diseases arise from
many different factors, including diet,
genetics, environmental conditions or
exposures, aging, and others. Current
models generally assume that mutations
on a single gene or exposure to a single
environmental condition may lead to a
specific disease. Wider interactions
are now being considered in research,
given the recent changes in our under-
standing of the inherent mechanisms
of disease (for instance, we now
assume that many common human
diseases seem to be polygenic rather
than monogenic).

Molecular epidemiology will facili-
tate key information about microbial
transmission and virulence patterns,
whereas genetic epidemiology will
identify the characteristics of individ-
ual and population susceptibility [26].
Genetic epidemiology may contribute
to characterizing the molecular,
metabolic, and disease profiles of
different populations. It focuses on the
distribution of diseases within families,
and the distribution of genetic conditions
in populations [27,28].

Correlations between genotypes
and disease phenotypes in humans
are constantly improving. Over one
million SNPs are potentially highly
useful markers for epidemiological
studies [23]. Genetic epidemiology
can bring new perspectives for
improving experimental design in
biology. At the same time, microarrays
are new technologies for obtaining
massive genetic variation or gene
expression data.

At a recent meeting [17], held to
create an unified research agenda for
genomics technologies applied to toxi-
cology, epidemiology, and risk assess-
ment, experts stated various research
recommendations for genetic epidemi-
ology: a) characterize prevalence and

background frequencies of genetic
polymorphisms and their functions, b)
focus on finding methods to assess
gene expression in large populations,
c) address the statistical and BI issues
related to the field, and d) pursue a
multidisciplinary approach to epidemi-
ology research and development.

A topic under permanent debate in
human genome epidemiology is the
development of ambitious biobanks,
for storing DNA specimens, that can
be used in health research. Several
issues, such as informed consent,
privacy, economic implications, useful-
ness, quality control, data collection
and analysis, health outcomes, and
others arise. The best known project is
the Iceland database, a computerized
compilation of medical records at a
national level [29]. Other countries,
such as the UK and Estonia have
developed or planned related projects.
Developers aim to collect genetic
information and link it with medical,
lifestyle and genealogical information.
In the end, researchers should be able
to retrieve information on susceptibility
genes for complex diseases, improving
health care while obtaining a revenue
from these activities. Researchers are
discussing the value of using genetically
homogeneous populations for genetic
studies of complex disease
susceptibility to reduce locus and allelic
heterogeneity [28].

There are various ethical/privacy/
informed consent/social implications
for this kind of genetic epidemiology
research. For instance, risks for many
diseases can be estimated long before
therapy is available. People may fail to
take the adequate prevention measures,
leading to social costs, or their lives
may be negatively affected if they are
acquainted with their risks and do not
receive proper counseling or psycholog-
ical advice. Data must remain private
and, therefore, information stored in
medical records and clinical and
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epidemiological databases must be
protected for confidentiality, leading to
severe requirements and restrictions
on computer security.

Novel genetic information technol-
ogies will facilitate the performance of
cost-effective screening (genetic tests)
in large populations. Gathering genetic,
clinical, environmental and lifestyle data
may provide clues for unraveling the
causes and processes of polygenic
diseases. Data included in populational
repositories or biobanks [30,31] will be
applied in public health, for issues such
as disease prevention programs or the
analysis of the cost-effectiveness of
pharmacogenetics from a health care
perspective.

The information infrastructure of
biobanks raises various issues, given
the different types of data collected
over the decades. Linking genetic and
clinical information implies variations
in the methods of observation, patient
management, and the scientific knowl-
edge that medical practitioners consid-
ered at the time of patient evaluation.
Genomic data have been obtained
according to different scientific theories
and models, also including a consider-
able degree of uncertainty [2]. In gene
mapping studies, genetically homo-
geneous samples have been used to
improve gene discovery. These
projects are under strong discussion,
and are being carefully monitored and
studied to evaluate if they do indeed
contribute new knowledge to
biomedical research.

4. Potential Contributions
of Bioinformatics to
Public Health Practice,
Research and Education

Genomics offers different
perspectives on various limitations of
epidemiology [8, 32], including infor-
matics tools developed in the closely

related area of BI. The Institute of
Medicine (IOM), in a report named
The Future of Public Health [33],
defined three overall objectives for
public health activities: (1) assessment,
“the regular systematic collection,
assembly, analysis, and dissemination
of information, including human
genome epidemiological information,
on the health of the community”, (2)
policy development, “the formulation
of standards and guidelines in
collaboration with stakeholders, which
promote the appropriate use of genetic
information and the effectiveness,
accessibility, and quality of genetic
tests and services”, and (3) “the
assurance to constituents that genetic
information is used appropriately and
that genetic tests and services meet
agreed-upon goals for effectiveness,
accessibility, and quality”.

According to this report, a priority
for public health agencies is to develop
initiatives to integrate genomics across
their plans, including “maternal and
child health, environmental health,
chronic disease, laboratory services,
and infectious disease”. For instance,
the American Public Health Associa-
tion has supported the role of genomics
in public health, expressing the need
for research in the area [34]. It also
encouraged public and private organiza-
tions to determine the genomics-related
educational needs within public health
activities and for professionals.
Whereas public health entities should
foster activities in this area, public
health professionals must, at the same
time, understand the relationships
between genetic variations and disease
risk and promote this information to
reduce morbility and morbidity. A key
objective is to evaluate the appropriate
use of genetic tests [8].

It will be difficult to convince
physicians that they should change
their reasoning approaches to think in
terms of genomic information [2, 35].

If genomics is going to contribute to
achieving significant results in
medicine, physicians and nurses will
need to be educated on its scientific
foundations, methods and tools. BI and
MI can contribute to this objective by
developing new tools that can be used
in clinical routine [2]. In various
European and US institutions, various
projects are being carried out to facilitate
the transfer of genetic tests to clinical
and public health settings [36]. For this
purpose, the education of health
professionals is a central issue, since
they usually have little knowledge of
and background in genetics.

According to [23], the major
challenge in the area of genetic
epidemiology is “to devise computa-
tional methods for comparing massive
amounts of genetic data across individ-
uals and populations to complex pheno-
types which may result from a variety
of different genetic pathways”. In this
sense, epidemiologists and geneticists
look forward to using results from the
HGP as a reference catalog for varia-
tions in chromosomal DNA. Results
may be applied to future applications in
genomic medicine in areas such as
patient diagnosis, monitoring, prognosis,
therapy and management [10,37,38,
39]. Researchers are beginning to
create and share standardized data-
bases in genetic epidemiology. Data
integration from multiple, reproducible
studies can yield significant advances
in epidemiological research, but some
issues such as the study of methods to
check integrity [40] and improve
information retrieval and visualization
must be considered. In this sense [22],
technologies with binary outputs are
more promising for data exchange than
technologies that lead to banding
patterns, such as PCR [23].

New achievements in BI can be
fundamental for finding “predictive”
gene sets. A significant objective in the
joint efforts between toxicology and
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epidemiology professionals is to
correlate effect and exposure, and find
the best biomarkers using “omics”
technologies. Connections between
gene expression data and toxicology
will facilitate an integration of “omics”
information with known toxicological
measures for providing a better under-
standing of the mechanisms of chemical
effects on biological systems, as shown
in figure 1. There are no current guide-
lines to correlate quantitative or quali-
tative changes in gene/protein/meta-
bolite expression with adverse effects
[17, 23]. New statistical and data mining
approaches will be needed to analyze
and interpret data sets from epidemiol-
ogical studies that include human
genetic biomarkers. Since inconsist-
encies and errors in data can be
significant, replication of studies will
be important [17].

Joint BI/MI efforts should provide
clues for planning the future of both
disciplines, particularly related to
genomic medicine. In this regard, MI
has been dealing with the problems of
structuring complex and large quantities
of data and knowledge for decades.  It

should be expected that many standards,
coding systems and ontologies and ter-
minologies - such as, for instance, the
UMLS [41] or gene-ontology [42] - will
be shared between the two disciplines.

5. Conclusions

Collaborative efforts among
bioinformaticians, molecular biotechnol-
ogists and epidemiologists in developing
new methods to assess disease risk
may rapidly lead to identifying genetic
influences on complex human diseases.
Relationships between genomics and
diseases can transform health and
society, identifying populations that are
susceptible to environmental causes of
diseases [43,44,45].  Since health is not
the absence of a defect but a complete
well-being, genomics can bring new
perspectives to public health issues
and practice, considering the wider
aspects of health outcomes.

Given all the issues presented in this
paper, associated with various aspects
of biomedical research, a fundamental
issue will be to redesign research

studies, data analysis and interpretation
of integrated genomic/clinical/epide-
miological studies [46]. The classical
methodologies used in epidemiology,
public health, health services, clinical
and laboratory research, data analysis
(including data mining), and other areas
must be redesigned to include integrated
biological/clinical information [47]. The
kind of cognitive skills, background,
problem-solving approaches, data
collection and analysis, and patient
informed consent and advice needed
in this genomic era are different from
those used until recently [2]. Univer-
sities, industry and other private and
public institutions are already
transforming training, education,
management and practice routine in
this area. Whereas links between BI/
genomics and epidemiology should give
new clues for considering diseases in a
broader sense and provide additional
knowledge for health care, significant
challenges lie ahead.

Many techniques such as DNA
microarrays for studying gene expres-
sion or advanced techniques for protein
analysis are producing huge amounts
of data that are being incorporated
within clinical databases. Epidemiolo-
gists should be aware that errors are
found in many databases, coming from
the laboratory or from information
processing, since BI tools used to
predict the location of sequences can
introduce important errors. In addition,
many researchers trust their results,
overlooking major inaccuracies. While
some mistakes are tolerable in labora-
tory research, they are not acceptable
if results are used for medical care. MI
experiences in dealing with uncertain
information when diagnosing and
treating patients can be important in
this regard [2].

The development of the World Wide
Web and computer-based information
systems has boosted information
access and exchange in many areas,
including biology and health. The resultsFig 1. Various forces linking epidemiology, genomics and BI
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and sanitary consequences of the HGP
lead to educating practitioners and
informing patients about the
implications of genomics in new
medical routines and practice. New
computerized educational systems
should contribute to enhancing this
new scenario. Since BI professionals
have centered on developing systems
for biologists and research activities,
there is no prior experience in
developing systems for educational
purposes. In this sense, the lessons
learned in years of practice in MI
should also be used for these new
kinds of applications. Various reports
have already pointed out opportunities
for synergy between BI and MI
[2,13,14,15,16,48], in a new discipline
located at the center of both fields,
called biomedical informatics, as shown
in figure 2.

The introduction of genomic
information for healthcare will oblige
development of clinical applications in
various areas from this novel,
integrated, biomedical informatics
perspective. Old systems will have to
be updated. For instance, health
records, standards and medical
terminologies and vocabularies

developed by MI professionals should
be adapted to include “omics” data and
information; on the other hand,
innovative genomic-based medical
records, where privacy, confidentiality
and societal manipulation subject to
economic and cultural forces raise
significant challenges. Applications
developed from the BI side, such as
databases and information retrieval,
should be also adapted and reused for
various topics within biomedical
research and clinical routine.
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