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Au W, Preston J. Population Monitoring for Assessment of Health Concerns Using Biomarkers. ARBS Annu
Rev Biomed Sci 2006;8:1-8.   Exposure to environmental toxic substances is a significant cause of human
health problems. In the modern world, exposure to small amount of these substances, either natural or man-
made, is often unavoidable. The critical question to ask is, at what concentrations and exposure conditions are
these substances hazardous to human health. One approach to address the question is to conduct population
monitoring studies using reliable biomarkers that can be used to indicate excessive exposure, susceptibility to
health consequences, and increased potential risk for health problems. In this review, the application of
traditional and molecular biomarkers in population monitoring studies is systematically presented. A major
emphasis in the review is to show how to design rigorous study protocols so that results from these studies
will be appropriate for use in disease reduction programs. In addition, the benefits and limitations in the use of
biomarkers are presented.
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1. Introduction
Traditional epidemiological studies are instrumental to our understanding of health hazards from

exposure to environmental toxic substances. On the other hand, there are limitations to these investigations.
For example, they generally do not provide information on dose response, mechanisms for disease induction
and inter-individual differences in response to the exposure. To address these shortcomings, scientists
began to incorporate analytical procedures into epidemiological investigations. The revised protocols became
known as molecular epidemiological studies (Perera & Weinstein, 1982). Subsequently, the analytical
procedures were expanded to include a variety of biomarkers that assess chemical metabolites, cellular
response to exposure and biological consequences. In this review, the use of biomarkers in population
monitoring studies is systematically presented.

2. Strategies for Designing Population Monitoring Studies
The underlying reason for conducting a population monitoring study is to investigate whether

exposure to certain environmental hazardous substances at some particular level poses a health risk to the
population. In these investigations, scientists often use biomarkers to make the linkage between exposure,
induction of abnormal biological effects and risk for development of disease. When the studies are conducted
appropriately, they can have tremendous impact on improved assessment of public health outcomes.
Therefore, developing a vigorous strategy for the investigation is essential to the utility of the study (e.g.
Au et al., 1998).

The general strategy for conducting a population monitoring study requires the fulfillment of the
following criteria:

2.1. Characterization of the exposed population
Documentation of exposure conditions, health concerns, morbidity and/or mortality patterns of

the population is useful because the information will be used to determine the study design and the impact
of the study on health risk. Investigators will also find it useful to understand whether the motivation for
study of an exposed population is based on the desire for improvement of health, for compensation, or for
other purposes. The nature of the motivation may affect the extent of participation from the exposed
populations or their willingness to provide unbiased information. The information will therefore determine
if the study protocol should be adjusted to overcome the impact from different motivating factors. Regardless
of the motivation, the study should be designed with a clearly-defined hypothesis.
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2.2. Development of the study hypothesis
The information on the exposed population together with a careful research of the scientific

literature will allow the scientists to formulate a good study hypothesis. The hypothesis should be testable
with a well-defined scientific investigation. At this stage, the investigators will start to design the study.
The investigators have to consider whether the study is built upon factual information and/or assumptions.
An appropriately designed study is expected to confirm the fact and to test the assumptions adequately.
The selection of specific biomarkers has to be considered and this topic will be addressed in a later
section. The resources needed for the study such as the availability of personnel and financial and technical
resources should be considered carefully. A frequently overlooked step in planning a study is the consideration
of how to evaluate and interpret the results. Although it is convenient for investigators to consider this step
after the data have been collected, the delay may cause serious problems, (e.g. the collected data may be
inadequate for statistical evaluation and the data may be inappropriate to address the hypothesis).

2.3. Selection of the cases (exposed individuals) in an objective and unbiased
manner

This can be achieved by using predetermined criteria such as duration of exposure, proximity to
the source of exposure, age ranges of the volunteers, and gender. The selection process should be open to
all qualified individuals so that there will not be a selection bias and/or any under-representation of certain
subgroups of individuals.

2.4 Selection of the cases with limited confounding factors
It is well known that previous or concurrent exposure to other hazardous substances will have an

undesirable effect on the outcome of investigations. These other environmental factors may include
occupational exposure to other toxic substances, use of toxic medications, smoking of cigarettes and living
near hazardous waste sites. In addition, it is important to select healthy individuals because certain medical
conditions will influence individual responses to the exposure.

2.5. Selection of matched controls
It should be emphasized that having appropriate controls is an essential component of the study.

Ideally, the controls are identical to the cases in all aspects except the exposure conditions. However, it
is an unrealistic expectation that the ideal conditions can be met in most population studies. In practice,
the controls are selected based on the same criteria that are used for the cases, except for the exposure.
Then, the two qualified populations are matched based on certain essential characteristics such as age,
gender and ethnicity. If cigarette smokers cannot be eliminated from the cases, the controls need to be
matched under this condition. Typically, the history of cigarette smoking habit is translated into pack-
years for comparison from one individual to another. A pack-year is calculated by multiplying the number
of cigarettes smoked per day by the number of smoking years. In general smoke-years can range from
20 to over 60 for smokers. The pack-years for controls are usually matched with that from cases with a
range of +/- 5. Another approach is to subdivide the smokers into heavy, medium and light smokers, and
conduct the matching with controls accordingly. A general approach for matching for age is +/- 5 years.
For studies using small populations, e.g. around 25 cases and 25 controls, the matching can be
done on a one-to-one basis. When the study populations are larger, frequency matching is
more practical. In the latter approach, the matching is done based on the group characteristics
rather than on individuals, (e.g. matching the mean age and pack-years for the two groups).

2.6. Collection of specimens for laboratory analysis
For population studies, the most readily available specimens are the body fluids, such

as blood and urine. In addition, buccal smears, pap smears and sputum can also be used (Salama
et al., 1999). Other specimens will involve invasive procedures for collections therefore they
are generally not appropriate for population investigations of the type considered in the present
chapter.
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aThe biomarkers under each category are listed in the order of usefulness, the highest on top.
bData from environmental measurement of chemicals can be used in support of the biomarker data.

2.7. Selection of biomarkers
For population monitoring studies, it is critical to have adequate exposure information.

Without such information, it becomes impossible to establish a cause-effect association from
the investigation. As indicated later, certain exposure biomarkers can be used for this purpose.
The exposure biomarkers should compliment the selection of biomarkers that are indicative of
biological effects from the exposure. The approach will produce data that will be essential for
scientists to generate cause-effect association and to assess health risk.

2.8. Conducting the study and interpretation of results
The collection and analysis of samples from both the cases and controls should be

conducted simultaneously. In addition, the samples should be coded so that the donors for the
samples are unknown to the laboratory personnel. The use of these criteria will minimize
negative impact to the study caused by potential temporal (seasonal), laboratory and personnel
variations.

The collected data should be organized and analyzed as a whole using recommended
statistical methods without any further selection. Assuming that all experiments for the study
have been conducted according to acceptable procedures, the data should be reliable. The
presence of outliers in the data set is expected. Their presence should be included in the
report and explained rather than excluded to give what appears to be a better fit to the original
hypothesis. It should be kept in mind that the hypothesis of the study may be erroneous and
the study results that contradict the hypothesis may be correct. By ignoring the true meaning
of the experimental data, a new and useful discovery may be missed.

3. Biomarkers for Population Studies
Several review papers have addressed the use of different biomarkers in population

monitoring studies (Hulka et al., 1990; Bonassi & Au, 2002; Albertini et al., 2003). A summary
of representative biomarkers is shown in Tables 1 and 2. The available biomarkers are grouped
into several categories: biomarkers of exposure, susceptibility, early biological effects and
health risk. A new interest is focused on developing biomarkers to provide a good understanding
of the genome-based response to exposure (Table 2). Selection of specific informative
biomarkers from such genome analysis can help in the prediction of adverse health outcomes.
As mentioned earlier, a combination of appropriate biomarkers should be used so that a good
understanding of the cause-effect relationship and a reliable assessment of health risk can be
achieved.

Table 1. Traditional biomarkers for population monitoring studiesa.
Biomarkers that are useful for incication of

Exposure
Chemical metabolites aberrations

DNA adducts

Protein adducts

Chromosome aberration

Micronuclei

HPRT gene mutation

Glycophorin A mutation

Sister chromatid exchanges

DNA strand breaks and repair

Early Biological Effects
Chromosome aberration

Disease gene-specific expression

Health Riskb
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3.1. Biomarkers of susceptibility
A major challenge in population studies is the heterogeneous nature of the human

population. A variety of factors contribute to the heterogeneity. Some of them are acquired in
life such as aging, fitness, smoking of cigarettes (Au, 2001 and 2002); while others are
genetically determined such as genetic variations for chemical metabolism and DNA repair
(Au et al., 2003; Norppa, 2003).

With the rapid development of molecular genetics, scientists are now able to investigate
genetic variations as a contributing factor to the development of environmental disease (Table
2). The current focus is on inheritance of variant (polymorphic) chemical metabolizing and
DNA repair genes that are key genetic susceptibility factors. Some investigators have combined
the analysis of polymorphic genes with expression of biomarkers for health risk assessment
(Au et al., 2003; Norppa, 2003). For example, Harms et al. (2004) found significant increase
of chromosome aberrations among cigarette smokers who had inherited the variant DNA repair
(XPD) and the metabolizing genes (GSTM1) to increase their risk for lung cancer. It is generally
quite difficult to appropriately account for the possible range of polymorphisms that can influence
outcome. In fact, it is usually not necessary to do so, unless it is intended to better understand
the underlying reasons for outliers of response.

3.2. Genome-based biomarkers
High throughput technologies are now available to screen for genome-based activities

that can be used to help reduce uncertainty in the estimate of risk for disease following
environmental exposures. As shown in Table 2, these techniques allow scientists to scan for
DNA sequence variations (using DNA microarrays), gene expression (using gene expression
arrays) and protein expression (using proteomic analysis). From these analyses, enormous
amounts of data are generated that require extensive technology (bioinformatics and
biostatistics) for interpretation. Although the technology is promising, it is not yet routinely
used in population monitoring. However, it can quite reasonably be used at this time to provide
information on the selection of informative biomarkers of response.

3.3. Biomarkers of adverse health outcomes
It is clear that the detection of abnormal expression of disease related genes (e.g. p53), is indicative

of health risk. In addition, induction of chromosome aberrations has also been found to be predictive of
health consequences. For example, prospective studies from the Nordic countries and from Italy have
shown that normal populations having high chromosome aberrations had significantly increased cancer
incidence and mortality than those with lower frequency of aberrations (Bonassi et al., 1995; Hagmar et
al., 1998). Another use of the chromosome assay is the determination of cancer-specific chromosome
changes, e.g. leukemia-specific chromosome alterations in benzene-exposed workers (Zhang et al., 2002).

3.4. Selection of biomarkers
As shown in Tables 1 and 2, different categories of biomarkers can be chosen for use in population

monitoring studies. The selection of biomarkers is dependent upon the objective of the investigation. For

Table 2. Genomic biomarkers for population monitoring studiesa.

a Variations of genes are due to single nucleotide polymorphism, deletion, insertion, etc.

Biomarkers of Susceptibility by Genome-Wide Analysis
Marker

Variant Chemical metabolizing genes

Analysis

(e.g. CYP1A1, GSTM1)

Variant DNA repair genes

(e.g. XPD, XRCC1)

Proteomic arrays

Gene expression arrays

DNA microarrays
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example, if the objective is to demonstrate exposure, biomarkers that are listed under the Biomarkers of
Exposure category should be chosen. If the objective is to understand individual differences in response to
an exposure, the assays under the Biomarkers of Exposure, Susceptibility and Early Biological Effects
will most likely be chosen. Biomarkers of Health Risk will be used to address environmental health
problems.

Irrespective of study objectives, other conditions should also be considered, for example, what is
the stability/persistence of the biomarkers after the exposure? After an acute exposure, the expression of
chemical metabolites, DNA/protein adducts and DNA strand breaks can be detected within a few hours
but they would only remain detectable for up to a few days at most. On the other hand, the formation of
chromosome aberrations could take up to one to two days and would remain detectable for months to
years. Therefore, the selection of the biomarkers will dictate the time when biological specimens are
collected for laboratory analyses. From chronic exposure, the biomarkers that can accumulate with time
will be desirable, e.g. chromosome aberrations and HPRT gene mutations in lymphocytes. The selection
of biomarkers is also dependent upon the use of different cell types for the investigation (Salama et al.,
1999). For example, the HPRT gene mutation assay is best performed using lymphocytes. The micronucleus
assay can be used in a variety of cell types because the analysis itself does not depend upon the availability
of dividing cells.

4. Confounding Factors
Two factors are the frequent cause for generating non-reproducible data. They are small sample

size and inadequately matched exposed and control populations. The problem with small sample size can
be minimized by conducting a sample size power calculation. For example, the calculation will indicate
how many exposed and control subjects are needed to determine the difference between the two populations
if the difference is 50%. Matching of populations requires some effort, e.g. having good knowledge of the
background information regarding the exposed and the potential control populations. The knowledge includes
the availability of individuals for selecting the exposed and control subjects, age distribution, ethnic
composition and exposure conditions. Since the control population has little incentive for participation in
the study, the investigators need to consider what constitute an appropriate compensation to encourage
their participation.

5. Interpretation of Results
As discussed above, the design of a study in which a biomarker or biomarkers are to be used to

predict if an exposure has occurred, how large an exposure has occurred and/or what is the magnitude of
any attendant risk to the exposed populations is critical as regards the ability to provide a valid interpretation
of the results. An appropriately designed study should be one that follows the requirements of an
epidemiological study, albeit a relatively small one (Preston, 1999; Bonassi & Au, 2002). This requires, as
noted previously, the selection of an appropriate biomarker for the intended purpose of the study (see
Tables 1 and 2), significant detail on exposure received, and account being taken in exposed and control
groups of known confounders of response. In addition, the size of the exposed and control groups has to
be large enough for statistical definition between the groups to be attainable. It is inappropriate to conduct
a study and then try and establish if it meets these design requirements.

The general format for interpreting the results is to conduct comparisons of the frequency of a
particular biomarker in a putative exposed group with the frequency of that same biomarker in a control
group that has been matched for known confounders of response (e.g. age, sex, smoking status, diet).
Standard statistical tests for group comparisons (e.g. Student’s t) can be employed for this purpose. It is
considerably more informative to have available groups of individuals in the exposed population who
received different defined exposures.  The ability to demonstrate a dose-response relationship for a
biomarker allows for extrapolation to exposure levels below those at which increases in response can be
measured using biomarkers.

For biomarkers of exposure such as DNA adducts, micronuclei or sister chromatid exchanges,
the conclusions that can be drawn from a well-conducted study are: l) an exposure to a genotoxic agent
has occurred; and 2) groups receiving different levels of exposure can be identified. This information can
be useful for adverse health outcome follow up and for identifying areas where steps need to be taken to
reduce exposure.
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For biomarkers of response (e.g., ones that can potentially predict cancer outcomes at a group
level) such as chromosome aberrations, specific chromosomal alterations (e.g. reciprocal translocations)
and cancer-related mutations, the conclusions that can be drawn are related to cancer risk estimation. For
example, dose-response curves for informative biomarkers can be used to estimate tumor response curve
shape at doses below those at which tumors can be observed. In this regard the biomarker serves as a
surrogate for tumors. The use of data in this predictive way is consistent with the U. S. Environmental
Protection Agency’s Draft Final Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2003) and with
the ILSI framework for Human Cancer Risk Assessment (Meek et al., 2003). There has been a certain
degree of validation of this approach from the studies of Hagmar and colleagues (Hagmar et al., 1999)
and Bonassi and colleagues (Bonassi et al., 1995). These studies demonstrated a relationship between
increased chromosome aberration frequency and increased likelihood of cancer. However, the analysis
could not demonstrate a relationship between exposure to industrial chemicals and increased chromosome
aberration frequency in a particular group.

It should be noted that the use of biomarkers in peripheral lymphocytes for estimating exposures
to ionizing radiation is a very well-established method for dose assessment. The ability to produce standard
references curves in vitro for the same cell type against which in vivo frequencies can be compared for
dose calculation provides a significant advantage (Tucker, 2001; Camparoto et al., 2003).

The general interpretations described here, it needs to be stressed, are those that can be drawn
from a well-controlled, well designed study. Unfortunately, the published literature is rife with studies that
do not fit these desired characteristics, largely because of size of study groups, inadequate account being
taken of known or potential confounders, and insufficient information on exposures (for dose- response
calculations). This deficiency has, in fact, led to the misinterpretation, in a number of instances, of the
effects of chemicals to humans at environmental exposure levels. Improved experimental design for all
such biomonitoring studies is needed (See Bonassi & Au, 2002, for additional information).

6. Conclusion
Population monitoring studies using appropriate biomarkers have provided valuable information

for the better understanding of the potential health risks from exposure to environmental toxic substances.
These include the understanding of exposure dose and conditions that are hazardous to health, mechanisms
for induction of disease, inter-individual variations in response to exposure, approaches for better risk
assessment procedures and applications to disease reduction programs. As these assays improve in sensitivity
and precision, it is possible that the data can be used not only for disease reduction strategies at the
population level but at the individual level as well. Consequently, the data may be useful for monitoring of
efficacy in disease intervention activities. Therefore, opportunities for conducting biomarker monitoring
studies that are relevant and that have health applications are likely to increase quite considerably.
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