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Abstract: Traditional approaches and study designs in cancer epidemiology have not been very successful identifying and
evaluating potential risks and/or protective factors associated with disease. Failure is often due to small study sample size
and inadequate exposure information. In this paper, we discuss issues and approaches relevant to these two challenges.
Multicenter study design is proposed as a way to increase study size and to mitigate criticism of meta-analysis of
independent studies. Individual studies from a multicenter study can be either pooled using original data, or combined by
meta analysis of summarized results. A multicenter study of large cohort or case-control studies also offers an exciting
opportunity to study the contribution of epigenetic events that may be associated with life-style and environmental risk
factors for human health. Optimizing methods for exposure assessment and reduction of exposure misclassification
represent difficult components in epidemiological studies. Biomarkers present a potentially useful approach for improving
exposure estimates. An example is provided to demonstrate how biomarkers of exposures can provide valuable
information in addition to traditional exposure measurements in epidemiological studies.
Finally, it is argued that risk assessment and the precautionary principle should not be viewed as conflicting paradigms
but, rather, as a complementary approach according to the data available. Together they may be used for developing
appropriate policies to address risks posed by exposure to carcinogens and a wide spectrum of other health hazards.
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INTRODUCTION
The field of epidemiology has reached a crucial point
with challenges and opportunities. On one hand, it seems
that most of the major occupational carcinogens have already
been identified. Many chemicals classified as carcinogens by
the International Agency for Research on Cancer (IARC)
were first evaluated in the workplace. In the last decade,
occupational exposure to known human carcinogens has
diminished in many countries as awareness of their hazards
has increased [2, 3]. On the other hand, we are still
confronted with a long list of substances for which
epidemiological data are lacking or inconclusive. The
estimated number of chemicals in commerce ranges from
tens of thousands to over 140,000 [1]; for most of them,
relevant toxicological information is needed to set regulatory
standards [2, 3].
We are now at an important crossroad; advances in the
interrelated disciplines on which health risk assessment
depends hold promise for comprehensive understanding of
the influence of environmental stressors on human health.
The last decade has been marked with major developments
in the field of cancer risk assessment. There have been
remarkable advances in the broad area of cancer
epidemiology. This includes research not only on human
exposures to major cancer risk factors in environmental and
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occupational settings, but also on lifestyle and nutrition
related risks. Traditional approaches and study design in
cancer epidemiology have not been successful in identifying
and evaluating these potential risk and/or protective factors.
Two main reasons for this failure are often due to
insufficient study size, and inadequate exposure assessment.
In this paper, we discuss issues and approaches relevant to
these two challenges, and the new opportunity of using
emerging genomics information in epidemiology studies.
INCREASING STUDY SIZE
An important characteristic of research in the last decade
is the increasing number of collaborative studies involving
various countries, and as a consequence, sample size is
greatly increased. By increasing the sample size, the power
of a study to identify significant associations between
exposures and a disease endpoint is enhanced. For example,
considering that lifetime prevalence of occupation-related
exposures in the population is low (typically below 5 or
10%), and the associated risk can be small as well (e.g.
relative risk of 2). The study sample size for a communitybased study must be large in order to identify statistically
significant associations. This is even more crucial if the
exposure or disease outcome is misclassified in a study
population. A sample size of at least 1000 cases and controls
has been recommended for a community-based case-control
study on cancer. However, it is often the case that one center
or one country can not provide such numbers within a
reasonable amount of time. Therefore, multicenter studies
are an obvious solution. Besides increased power,
multicenter studies can provide additional advantages that
include greater exposure variation in the study population
2011 Bentham Open
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which is useful for dose-response analysis, and an
opportunity to study differences in exposure and disease
patterns between countries.
Multicenter studies can be created in two different ways.
Collaboration between centers can be initiated after
completion of each individual study (retrospectively planned
multicenter studies), or before the studies have actually
started (prospectively planned multicenter studies). Metaand pooled analyses are examples of retrospectively planned
multi-center studies, and have been performed in many areas
of epidemiology. Prospectively planned multicenter studies
have only recently become possible since international
organizations and institutions such as the European
Commission started to offer funding for these costly
operations. The advantage these studies offer is an identical
protocol for data collection at each center involved and avoid
loss of information at the stage of data pooling. From the
Central and East European Countries (CEEC) perspective, an
important example of this approach is the CEEC Multicenter
Lung Cancer Study that was organized by IARC/WHO/
Lyon, France, about 10 years ago, and was supported by EC
Inco Copernicus FP4. It represented collaboration of centers
in the Czech Republic, Hungary, Poland, Rumania, Russian
Federation, and Slovakia [4-7]. Later, the same
organizational principle was applied in the Kidney Cancer
Study supported by NCI/Bethesda, USA [8, 9].
A positive finding and great advantage of multicenter
studies is that the potentially serious problems associated with
the use of meta-analysis in observational studies can now be
substantially mitigated. The merit of applying meta-analysis to
observational studies has been questioned and controversial [10,
11] because errors and biases can be easily introduced when
studies with different designs, methods, and population
characteristics are combined. It would not be a problem for
pooled or meta analysis if the study design is comparable, and
method for data collection is coordinated prior to the initiation
of the study among different centers. There are many factors
that make meta-analysis of individual studies less appropriate.
Consider, for example, meta-analysis of odd ratios or relative
risk estimates that require auxiliary information such as age,
sex, smoking status, and sample size. If all auxiliary variables
are homogenous across studies, it would be appropriate to
conduct meta-analyses of these studies [12, 13]. In reality, these
conditions have never been satisfied. Therefore, the multicenter
study design offers an attractive alternative to the traditional
single-center epidemiological study.
IMPROVING EXPOSURE ASSESSMENT
Optimizing methods for exposure assessment and
reducing exposure misclassification represent the most
difficult components of epidemiological studies. A perfect
exposure assessment for long latency diseases such as cancer
would consist of quantitative measurements of internal dose,
over the whole exposure period, for each subject in the
study. This is a utopia unlikely to be attained in the near
future. The availability of group-based external exposure
measurements at a few points in time is already a luxurious
proposition for epidemiologists. More often one has to fall
back on subjective methods of exposure assessment. The
possibilities for exposure assessment largely depend on the
design of the epidemiological study, with community-based
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and industry-based studies imposing their own specific
limitations. In community-based case-control studies,
occupational chemical exposures of interest often cannot be
measured directly, and have to be estimated retrospectively.
As a consequence, exposure estimates are often based
directly on the job information provided by the study
subjects (or proxies), or inferred from the job information
through job exposure matrices, or by expert assessment caseby-case. The subjectivity and the limited use of data-driven
quantitative estimates of exposure used in case-control
studies are considered important shortcomings that can lead
to substantial exposure misclassification. How to improve
retrospective exposure assessment methods has been of
frequent debate. The difficulty in evaluating the validity of
all retrospective exposure assessment methods in the absence
of a gold standard is considered a major shortcoming.
Reliability studies indicate that a considerable amount of
misclassification can occur in all retrospective methods [1416]. There is, however, an urgent need to quantify levels of
misclassification expected from each method in order to
anticipate on the attenuation of the resultant odds ratio (OR)
estimates. A major area of improvement needed is the
departure from crude exposure indicators such as never/ever
exposed towards a more quantitative exposure assessment
covering the entire exposure period. Quantitative exposure
data that enable the investigation of the exposure-response
relationship is an important criterion for causation. The
availability of quantitative exposure data also facilitates
valid comparison of risk and exposure-response relations
among studies, countries and industries, and provides a solid
base for risk assessment and standard setting.
A potentially useful approach for improving exposure
estimate is to use biomarkers of exposures. Biomarkers of
exposure have been used in health risk assessment for a long
time but its potential use in risk assessment has not been
fully exploited. The utility of biomarkers is greatly enhanced
when body burden resulted from multiple source exposures,
or when the source of exposure is difficult to identify (e.g.
exposure to second hand smoke). There are situations where
biomarkers of exposures could provide valuable information
in addition to traditional measurement of exposures in
epidemiological studies. For instance, when data obtained
from studies of a community exposed to elevated arsenic
contamination in drinking water is used for risk assessment,
a contentious issue is: what is the total arsenic intake for a
person? Assessment of exposure is often based on the
measured concentrations in the drinking water, estimations
of the amount of water consumed and used for cooking, and
an estimate of dietary intake. Under these uncertainties,
biological monitoring offers a useful solution as biomarkers
of exposure providing data on the absorbed dose for each
individual. Biomarkers may include arsenic in urine, blood,
hair, and nails. However, suitability of the various
biomarkers to serve as indicators of acute or chronic
exposure to inorganic arsenic and the various factors needs
to be carefully evaluated. Although the objective here is not
to evaluate arsenic risk assessment, we use it as an example
to illustrate the potential utility of biomarkers.
Tables 1 and 2 show how biomarkers may be used to
estimate total arsenic exposure by combining biomarker data
taken from Bencko and Symon [17] and information from a
relatively well-conducted control study of total arsenic
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recent. The study of the role of epigenetic changes induced
by environmental, dietary and lifestyle factors is rapidly
emerging but still in its infancy. Little is known about the
precise contribution of epigenetic mechanisms to human
health effects induced by adverse environmental and dietary
stimuli. While there is accumulating evidence showing that
aberrant DNA methylation may result from adverse
exposures to epimutagens, there is a paucity of evidence
regarding the effects of stimuli causing heritable changes in
epigenetic information stored in histones. This is because
epigenomics is a new and largely unexplored field. Although
it seems inevitable that perturbations in histone
modifications are induced by dietary and environmental
factors that contribute to the development of human disease

intake and biomarkers from Uchino et al. [18]. It is
interesting to observe that the estimated total arsenic intakes
calculated separately from biomarkers of hair and urine are
comparable. One could use the estimated total arsenic body
burden coupled with the incidence of a health effect endpoint
to assess the risk associated with the exposure. This would
also serve to make results comparable for a given endpoint
with other community-based studies.
EPIGENOMICS OPPORTUNITIES

NEW

CHALLENGES

AND

While the field of cancer genetics has experienced a great
deal of attention among cancer researchers in the last few
decades [2, 3], appreciation of cancer epigenetics is more
Table 1.

Estimates of Total Inorganic Arsenic Intake from Hair Bio-Monitoring Data

Community1

Distance from Source (KM)

Arsenic in Hair (g per g) X2

Estimated Total Arsenic Intake (g Per Day), Y3

A

16

0.878

240.20

B

11

1.057

250.04

C

10

1.196

257.69

C1

10

1.176

256.59

D

7.5

3.562

387.82

E

4

2.621

336.06

F

1.5

3.186

367.14

F1

1.5

3.793

400.52

G

4

3.261

371.26

H

8

1.822

292.12

I

10

1.021

248.06

J

12

1.854

293.88

K

15

2.054

304.88

L

21

1.337

265.44

M

23

0.794

235.58

N

30

0.657

228.04

O

36

0.295

200.07

1

Results of repeated examination of the same group of children after a 5-year period.
2
Data from Bencko and Symon, 1977 [17].
3
Y=0.055X+191.907, taken from Uchino et al, 2006 [18].

Table 2.

1
2

Estimates of Total Inorganic Arsenic Intake from Urine Bio-Monitoring Data

Community

Distance from Source (KM)

Arsenic in Urine (g Per Liter), X1

Estimated Total Arsenic Intake (g Per Day), Y2

A

16

7.8

246.8

B

11

20.1

251.0

D

7.5

20.1

251.0

E

4

24.1

252.3

F

1.5

18.9

250.6

G

4

25.3

252.9

O

36

8.2

246.9

Data from Bencko and Symon, 1977 [17].
Y=0.341X+244.106, taken from Uchino et al, 2006 [18].
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such as cancers, a rigorous proof of such a relationship
remains to be established [19].
Multicenter and large cohort or case-control studies offer
some of the most exciting opportunities to study the
contribution of epigenetic events induced by the diet and
environment to human cancer. Such examples are the
objectives of the European Prospective Investigation into
Cancer and Nutrition: a large prospective cohort study
designed to investigate the relationship between diet,
lifestyle, and the incidence of cancer in 10 European
countries [20]; and a case-control study on lung and upperaerodigestive tract cancers in Central and Eastern Europe
[21-23]. These multicenter studies boast a large sample size
of several thousand subjects and represent a unique
possibility to identify dietary/lifestyle practices and
environmental stimuli which may exert risk and/or benefit
effects through epigenomic changes.
Epigenetic alterations in comparison with genetic
changes are reversible and are typically acquired in a gradual
manner. These features offer an important potential
opportunity for prevention strategies [19].
RISK ASSESSMENT
Risk assessment is an evolving science, and methods for
conducting risk assessment are still in their infancy, although
undergoing rapid development. Cessation lag and lingering
effect are important aspects of risk assessment and potential
applications to dose-response analysis in risk assessment [24,
25]. In addition to providing insight into biological mode of
action, the concept of cessation lag is useful for economic
benefit analysis. Concept of effect lingering can be used to
analyze epidemiological data by uncovering the hidden
biological implications related to disease endpoints, thereby
advancing current efforts to characterize and reduce risk
assessment uncertainties. Controversies abound concerning
the appropriate methods and useful data, great uncertainties
involved in extrapolating beyond the range of available data,
underlying biases and other limitations of observational data
[26-29], and political and societal implications of these
analyses [3]. Skeptics have argued that risk assessment, at
least as it is currently practiced, has not been a useful tool for
addressing societal concerns about exposures to
environmental and occupational hazards [30]. Their primary
concern is that increasingly intense debates concerning risk
assessments may come to be used as an excuse for delay in
the development of appropriate regulatory and other
responses to environmental and occupational hazards. For
example, it has taken the U.S. EPA more than 20 years to
finalize its risk assessment for exposure to diesel exhaust
particulates [31].
A spirited debate has emerged over the use of the
“precautionary principle” as an alternative basis for public
health decision-making, and has recently been embodied in
environmental legislation of the European Union [32]. The
precautionary principle has been defined as the need to take
some ‘precautionary’ measures to prevent threats to human
health even when a cause-and-effect relation has not been
fully established [33]. We all know the story of how John
Snow convinced the authorities to remove the Broad Street
pump well before the cause of the cholera epidemic in
London was properly understood [2,3]. This classical
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successful story underscores the importance of decisionmaking based on the precautionary principle in the face of
uncertainties. It is conceivable that John Snow and
authorities must have considered the consequence of
removing and not removing the pump. Therefore, with
careful consideration of the risks of applying and not
applying the precautionary principle, risk assessment and the
precautionary principle should not be viewed as conflicting
paradigms but, rather, as complementary approaches for
developing appropriate policies to address risks posed by
exposure to carcinogens and other hazards. Identification and
quantification of risks is clearly a useful tool for informed
decision-making. Appropriately, this is also the underlying
principle for the current U.S. EPA’s default approach for
cancer risk assessment. This is not a new principle for
epidemiologists. Risk assessments are inherently uncertain
and should, as the National Academy of Sciences [34]
suggested, be viewed as an iterative process in need of
continual improvements through research targeted to fill the
gaps in our evidence based knowledge. Tremendous
advances in our understanding of basic epigenetic
mechanisms and rapidly developing new powerful
technologies, such as those for sensitive and quantitative
detection of epigenetic changes as well as for genome-wide
analysis (epigenomics), hold great promise that these issues
may be addressed in the near future [19].
CONCLUSIONS
Epidemiological data play a crucial role in the desirable
evidence-based cancer risk assessment and classification of
human carcinogens. With the emerging genomic and
molecular data and the adoption of the multicenter study
concept, there is a real hope that the foreseeable future will
bring long awaited answers to the problems we encounter
today, such as the impact of aberrant genetic and epigenetic
interaction with environment and diet. New biological
information could lead to discovery of new biomarkers and
development of novel strategies for health risk analysis
useful for disease prevention, a major public health priority
in the 21st century.
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