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BSTRACT

 

: Quantitative estimation of health risks depends on exposure char-
acterization, the nature of the dose response relationships, and the toxicity of
the agents involved. The greatest uncertainties in risk assessment almost
always arise from sparse or inadequate exposure data, inadequate understand-
ing of exposure mechanisms, and insufficient understanding of the exposure-
dose-response pathway. Additional sources of uncertainty arise when mixed or
multiple exposures are implicated in the disease pathway, and as a result of
variability in both exposures and responses within and between individuals.
Here we consider the role of exposure assessment in the risk assessment pro-
cess, the use of biological markers or molecular epidemiology to contribute to
improvements in exposure assessment for risk assessment, and uncertainties
associated with the use of biological markers.

 

INTRODUCTION

 

The classic risk assessment paradigm includes hazard identification, dose-
response assessment, exposure assessment, and risk characterization.
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 Using molec-
ular epidemiology for exposure measurement may contribute in various ways to
these stages in the risk assessment process. The hazard identification stage involves
the determination of any threat to human health any an agent might pose. Here there
is a need to link an exposure with an outcome. In the exposure and dose-response
assessment stages there is need to understand the specific effects that result from
different exposures, particularly lower exposures. In the exposure assessment stage,
the extent of exposure depends strongly on the agent and environment. This stage
builds on the specific source-path-receiver model used during hazard identification.
The source-path-receiver model is the common thread in linking source chemicals,
the pathway of movement in the environment, and the route or routes of exposure of
various receptors—in this case individuals or groups of individuals.
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 Critical issues
in exposure assessment include characterization of the magnitude, frequency, and
duration of exposure; the basis for the assessment; and the identification of highly
exposed subgroups. The risk characterization stage eventually results in identifica-
tion of 

 

acceptable

 

 and 

 

unacceptable

 

 levels of exposures. This requires an explana-
tion of any assumptions and models used, together with discussion of uncertainty.
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What role can molecular epidemiology play in the process of evaluating exposure
and attendant uncertainties? This is the question that will be addressed in this paper.
Molecular epidemiology is a term used for the incorporation of molecular, cellular,
and physiologic biological markers (biomarkers) as dependent and independent vari-
ables in epidemiologic explorations of relationships between markers with either
health outcomes or other markers within populations.
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 However, some commenta-
tors inappropriately apply these terms to a range of endeavors that use molecular
measurements on people, rather than limiting the term to studies of the distribution
of determinants of health effects within populations. In this discussion, we also con-
sider using molecular and other biomarkers to serve as indicators of exposure. There
is a growing body of literature to suggest that these exposure biomarkers can supple-
ment traditional exposure assessment methods, and thus possibly make a contribu-
tion to the risk assessment process by reducing uncertainty in exposure
assessment.
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HAZARD IDENTIFICATION

 

The role of molecular biomarkers and molecular epidemiology in hazard identi-
fication can be illustrated by the following examples. To determine whether a xeno-
biotic is hazardous or not, biomarkers may be used to increase the accuracy of
approaches based on less sensitive measures of exposure; for example, the use of job
titles as exposure proxies. Similarly, in situations where exposures occur that are
variable or intermittent, and the effect of exposure is integrated, cumulative exposure
biomarkers might be useful. A molecular epidemiology approach may clarify the
exposure-outcome relationship better than classical methods, as a result of reduced
exposure measurement error. For example, the role of aflatoxin exposure and liver
cancer was not clear when studied by using a dietary questionnaire to assess intake
of foods, that were potentially contaminated with aflatoxin. However, a strong asso-
ciation was observed by means of urinary biomarkers (metabolites and DNA ad-
ducts) of aflatoxin exposure

 

6,11

 

 (see T

 

ABLE

 

 1). In this example the molecular
biomarker is useful because it is quite specific. It provides a better indicator of ex-
posure than can be inferred from use of a questionnaire, since respondents are not
aware of how much aflatoxin they consume. One might think that direct measure-
ment of the aflatoxin component of all foodstuffs ingested, and measurement of
amounts of food intake per day, could also lead to a better measure of exposure than
the questionnaire surrogate. In the case of aflatoxin, this is probably not true due to
the difficulty of measuring food intake, the possible variability of aflatoxin levels
within food, the difficulty of extracting aflatoxin from foods, and analytical detection
limits for such methods. However, for some other agents, external direct measures
of exposure may be feasible, as cost effective as biological measures, and also pro-
vide improved estimates over such surrogates as questionnaire data. Qualitative tests
may be used to determine whether external exposure or an exposure biomarker
would offer the best predictor for disease.
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 One test is to determine if the biomarker
is more highly correlated with the disease than external exposure. A second condi-
tional test is to determine if, given the same level of exposure, those with higher lev-
els of the biomarkers are more likely to develop the disease.
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The basic rationale for using biomarkers is that, in some cases, they can provide
a more accurate method for assessing exposure and, ultimately, risk (see F

 

IGURE

 

 1).
This is accomplished by reducing exposure misclassification by markers for biolog-
ically effective dose, and also by incorporation of exposure and host factors (e.g.,
metabolic capabilities) to the same marker. Although use of biomarkers can reduce
misclassification, it is also possible that measurement error in the biomarker may
contribute to bias in the measure of association.
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 Such errors can be evaluated and
their impact adjusted for, but on balance they are better avoided or, at least, mini-
mized by good laboratory and epidemiologic practices.

 

 

TABLE 1. Comparison between exposure data derived from questionnaires and data
obtained by using biomarkers

 

a

 

a

 

Study of aflatoxin and risk of liver cancer in Shanghai, China from 1986 to 1992 (55 cases).
S

 

OURCE

 

: Qian 

 

et al.

 

, 1994; adapted from Howe, 1998.

 

A. Relative risks based on dietary intake of aflatoxin

Dietary aflatoxin B

 

1

 

 

exposure (

 

µ

 

g/yr)

Relative risk 95% Confidence interval

<71 1.0

71–113 1.6 0.8, 3.1

113 + 0.9 0.4, 1.9

B. Relative risks based on urinary biomarkers of aflatoxin

Biomarker Relative risk
(present/absent) 95% Confidence interval

metabolites or adducts 5.0 2.1, 11.8

aflatoxin M

 

1

 

 with adduct 16.1 3.6, 72.5

 

FIGURE 1.

 

Rationale for using biomarkers to assess risk. (Adapted from numerous
presentations at EPA and FDA in the 1980s.)
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DOSE RESPONSE

 

In risk assessment the ascertainment of a dose-response relationship is crucial
in ultimately determining the shape of the curve and for selecting a no-observed-
adverse-effect level (NOAEL). Biomarkers for exposure can be used as indicators
for dose, which can then be assessed against classical measures of morbidity or mor-
tality. Another use of biomarkers is as outcome measures that correlate with expo-
sure. In this case exposure markers are not what are needed; rather, the need is for
effect markers. Effect markers are markers that relate to or predict disease. A marker
that has been validated to predict disease can be applied to a surrogate for disease.
For example, specific types of chromosomal aberrations that appear to predict cancer
risk on a group basis can be used as the outcome variables in a dose-response anal-
ysis, as in the case of ionizing radiation exposure.
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Before a biomarker is useful in risk assessment it needs to be validated, that is,
the relationship between the biomarker and what it represents needs to be estab-
lished. Biomarkers can depict exposure, effect, or susceptibility. The process of
biomarker validation of has been described, and it includes a laboratory phase and a
population phase.
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 Molecular epidemiology is practiced in the field phase.

 

EXPOSURE ASSESSMENT FOR RISK ASSESSMENT

 

The exposure assessment component of risk assessment includes the consider-
ation of such issues as representativeness of exposure measurements for a popula-
tion, differences in exposures within and between individuals, individual differences
in uptake and biotransformation, identification of factors that control or modify
exposures, exposure estimation methods that are applicable in the absence of direct
measurements, and identification of the most relevant dose metric for the agent
under consideration. Biomarkers are most broadly defined to include markers for ex-
posure, intermediate endpoints, host susceptibility to disease, and early clinical
effects. The use of biomarkers in assessing exposure for risk assessment is usually
limited to the first two of these, but increasingly may include the consideration of
susceptibility factors in conjunction with exposure factors, for example, the presence
of a specific genetic polymorphism for a metabolic enzyme.

 

15

 

Quite often epidemiologic studies employ exposure surrogates rather than direct
measurement of exposure. For environmental studies, surrogates might include geo-
graphic location, such as residence for a drinking water or air pollution study, age of
housing in studies of lead-based paint exposures, or proximity of residence to elec-
trical power lines. When direct measurements are not available or are limited, occu-
pational studies use surrogates such as job title, job group, years worked at a plant,
pounds of pesticide applied per week, and tasks performed.

 

16,17

 

 The use of quanti-
fied direct measurements of personal exposure can lower uncertainty in the risk as-
sessment process considerably in comparison with the use of such exposure
surrogates.
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EXPOSURE BIOMARKERS

 

The validation of biomarkers for exposure requires equal attention in assessing
both the exposure and the biomarkers so that a fair comparison can be made. How-
ever, the relationship between the biomarkers and exposure varies due to host fac-
tors, as the biomarkers are further removed from the exposure depending on the
number of steps in the absorption, metabolism, and clearance pathways between up-
take and the specific biomarker. This applies to any form of exposure, due to inter-
vening host factors that vary between individuals, such as breathing rate and
capacity, activation, detoxification, elimination, and DNA repair. A high correlation
between exposure and marker may not always be observed and an exposure-response
relationship may vary between people. Therefore, it is important to identify and ad-
just for factors that can influence an exposure-response relationship. For example, to
validate hydroxy-ethyl hemoglobin adducts as exposure biomarkers for ethylene ox-
ide at low dose, we adjusted for age, smoking, and education in a linear regression
model.
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 It may also be useful to adjust for genetic effect modifying factors.

 

EFFECT BIOMARKERS

 

Biomarkers for intermediate effects, that is, effects that are observed between ex-
posure and disease, can be validated in case-control studies and cohort studies.

 

6,19,20

 

Once validated, these markers can serve as surrogates for disease, albeit on a proba-
bilistic basis since generally not all people with a given biomarker will develop the
disease, but the groups with high levels will generally be at greatest risk. This has
been observed for both chromosomal aberrations and cancer.
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Other potentially useful effect markers are found in the spectra of mutations, such
as in p53, since these show a unique fingerprint with a given exposure.

 

22,23

 

 Most of
the epidemiology studies of workers involving p53 mutations, although purporting
to identify a predominant mutational spectrum, do not include one that occurred in
more than 50% of the cases with purported common exposures.

 

22,23

 

 This may be due
to exposure misclassification but also may be due the failure to account for other im-
portant pathways not involving p53.

 

SUSCEPTIBILITY BIOMARKERS

 

Perhaps the greatest potential contributions of molecular epidemiology to risk as-
sessment and risk management can be found in the inclusion of inherited suscepti-
bility biomarkers.

 

15

 

 Susceptibility biomarkers can influence exposure effects and
are, therefore, important to consider in risk assessments. These biomarkers, offer
both promises and perils for individual and population risk estimation. The promises
are for a more refined assessment of risk through the identification of gene-gene and
gene-environment interactions, and also for focusing prevention and control pro-
grams on high risk individuals. The perils include ethical and social issues, including
stigmatization, discrimination, and the misconception that removing a susceptible
person from the exposure scenario without reducing exposure opportunities reduces
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risk whereas this may not be so, on a comparative basis.

 

25

 

 There are also issues in
using susceptibility markers as effect modifiers in epidemiology studies. These in-
clude misclassification of a genotype due to various technical flaws, such as the fail-
ure to recognize a variant that contributes to the genotype.

 

26

 

One of the most widely known examples of how a susceptibility biomarker, com-
bined with an exposure measure, can give information about risk assessment is the
metabolic polymorphism for N-acetyltransferase in the case of bladder cancer where
arylamine-exposed slow acetylators have a much higher risk of bladder cancer than
fast acetylators.

 

27–29

 

Calabrese demonstrated that genetically-determined biochemical differences be-
tween people for a range of phenotypes could exceed 10-fold.
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 In a pioneering
study, Bois 

 

et al.,

 

 by modeling of DNA adducts in the bladder of people exposed to
4-aminobiphenyl, illustrated that the adduct levels of the most susceptible individu-
als are 10,000 times higher than those for the least susceptible and that the 5th and
95th percentiles differ by a factor of 160.

 

29

 

 Therefore, accounting for genetic vari-
ability may have important implications for risk assessment.

When these genetic polymorphic pathways represent major routes of elimination
it is important that this fact be included in risk assessments.
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 Determination of
the population prevalence of alleles for metabolic polymorphisms involves molecu-
lar epidemiologic approaches and this is even more true when assessing gene-
environment interactions. 

 

LOW LEVELS OF EXPOSURE

 

The target area in the risk assessment process is usually the risk at low levels of
exposure. This is where there is a lack of data and where projections of effects and
risks are most needed. The capability exists to measure extremely low levels of ex-
posure in many contemporary situations but not necessarily in historical cases. Fu-
thermore, it is particularly important, in the case of low exposure levels, to
understand the linkages between markers of exposure, metabolites or conjugation
products, subclinical effects and frank disease, and the role of mediating or buffering
factors on these markers.

When using biomarkers to assess exposure at low levels it is important to account
for all sources of exposure. A dose marker generally integrates all routes and sources
of exposure. Thus, for example, in the study of hemoglobin adducts and ethylene ox-
ide, we had to account for smoking as a source of hydroxy-ethyl hemoglobin ad-
ducts, and also to account for endogenous sources.
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ADVANTAGES OF BIOMARKERS IN 
ASSESSING EXPOSURE FOR RISK ASSESSMENT

 

One advantage to using a biomarker for exposure instead of an environmental
measure is that it accounts for individual differences in uptake. These differences
may arise due either to actual differences in environmental exposure levels that are
not easily identified among groups of people, or to differences in uptake and
biotransformation between individuals. For example, since air concentrations of
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chemicals are known to vary widely in many indoor and outdoor environments, in-
dividuals presumed to have the same exposure potential, may actually have different
exposures. If this environmental variability is not characterized, as is often the case
due to the cost associated with a greater number of environmental measurements, the
contribution of this source of variability to uncertainty in assessing levels of expo-
sure remains unknown. Uptake and metabolism of xenobiotic chemical agents may
also differ widely between individuals. The kinetics and efficiency associated with
each step in the relevant pathway from absorption across a dermal, inhalation, or in-
gestion barrier to dose at the target organ and hence to measurable response in a mol-
ecule or tissue, may vary widely between individuals and again lead to uncertainty
in the estimated exposure. Measuring the biologically effective dose at the target tis-
sue or receptor for each individual, when this is possible, minimizes these sources of
uncertainty.

Biomarkers also obviate the need to estimate the effects of exposure-modifying
external factors, such as the use of personal protective equipment or personal hy-
giene, on environmental exposure levels. Typically, environmental characterization
of exposures does not incorporate these factors directly, and thus their efficacy must
be estimated. This estimation process is often not validated and, therefore, makes an
unknown contribution to the risk assessment process.

When multiple agents may lead to changes in the same biomarker level, the use
of a biomarker may be more useful than an external measure of exposure, since the
biomarker is a summary measure of exposure to all agents that are biologically
processed in a similar manner. For example, trichloroacetic acid is a measurable in-
termediate in the biotransformation of trichloroethane, trichloroethylene, and tetra-
chloroethylene exposures.

When variations of biomarker levels within and between individuals are less than
the variability of environmental measurements, biomarkers offer the advantage of re-
quiring fewer measurements to estimate exposures than external measures. This
dampening of variability has been demonstrated for blood lead levels.
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LIMITATIONS OF BIOMARKERS IN 
ASSESSING EXPOSURE FOR RISK ASSESSMENT

 

Biomarkers are most useful in assessing exposures when there is a high correla-
tion between environmental measures of individual exposures and the biomarker,
and when the variability of the biomarker is less than that of environmental exposure
measures.
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 The data requirements to demonstrate this are not trivial, however. 
The relevant time frame must be identified when using biomarkers for exposure

assessment. This requires an understanding of the uptake and absorption, distribu-
tion, biotransformation, repair and clearance processes, and of the target receptors.
Long-lived xenobiotics or their metabolic products may accumulate in a tissue com-
partment and provide a measure of long-term exposure. Examples include PCBs and
DDT in adipose tissue. Similarly, certain types of chromosomal aberrations due to
ionizing radiation are persistent and cumulative; they are measured years after expo-
sure.

 

35

 

 The kinetics of uptake, biotransformation, distribution, and clearance must
be understood in order to identify the relevant time period for biomarker collection
and to interpret biomarker data. The time between exposure and sample collection is
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of greater importance in cases where repair or clearance processes dominate, such as
n-hexane in alveolar air, or radiation exposure and certain types of DNA damage.

When variations in biomarker levels exceed variations in environmental exposure
levels, due to interindividual differences in uptake, biotransformation, distribution of
chemicals, or in efficiency of repair processes, biomarker data may be less useful
than environmental levels in assessing exposure. In the case of styrene exposures and
sister chromatid exchanges, the increased variability of SCEs between workers com-
pared with the variability of full-shift personal exposures, indicates that the external
measures require fewer samples to assess the exposure distributions.

 

32

 

Specificity is a desirable characteristic for a biomarker. In the simplest case the
biomarker is unique to the exposure. For example, metals in blood or urine, or a
unique chemical-hemoglobin, or a chemical-DNA adduct in the case of electrophilic
carcinogens, are unique to the causative agent just as the TB-tubercule is to tubercu-
losis infection. More commonly, multiple agents may produce the biomarker, and
the possibility of confounding exposures, or a mixed exposure pattern, must be ac-
counted for. The protein adduct of benzo(a)pyrene may be indicative of either smok-
ing or foundry work exposures, among others. In the case of chromosomal
aberrations, the effects of benzene, arsenic, or ionizing radiation on elevated levels
of long-lived chromosomal aberrations may be confounded with concomitant expo-
sures to cigarette smoke, or to dietary factors such as the use of diet sweeteners.
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Background levels of biomarkers in unexposed groups must be available in order
to properly interpret biomarker levels in exposed individuals. Often, such back-
ground data are not available and then characterization of the baseline level distribu-
tion must be a component of the study.

 

FUTURE APPROACHES

 

On the horizon for use in epidemiology studies and risk assessments are high
throughput DNA chip technologies to study gene functions and expression under
various conditions.
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 These technologies will allow for evaluation of temporal and
spatial patterns of gene expression under various exposure conditions. It will be pos-
sible to determine which genes are up- and which are down-regulated in response to
exposures. The difficulties in using DNA chips include issues of data reduction, mul-
tiple comparisons, complex interaction assessments, and interpretation of results.
Ideally, if these problems can be solved, it may be possible for the first time in his-
tory to evaluate changes in expression of many genes of an individual at the same
time.
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 Cross-species comparison could be enhanced. This technology could lead to
better characterization and understanding of disease processes and exposure-disease
relationships, which would be of great assistance to risk assessors.

 

CONCLUSION

 

Molecular epidemiology approaches may be useful in assessing exposure in the
various steps in risk assessment. These approaches, however, should be viewed only
as another tool available for researchers and risk assessors, not as a replacement for



 

109

 

SCHULTE & WATERS: MOLECULAR EPIDEMIOLOGY FOR RISK ASSESSMENT

 

traditional measures such as environmental exposure assessment, job exposure ma-
trices, questionnaires, and record reviews.

Molecular epidemiology data implies an understanding of the mechanism, and
incorporation of mechanistic data into risk assessment methods is currently a laud-
able goal. However, risk assessments and regulations should not wait the develop-
ment of mechanistic data,

 

1

 

 nor should uncertainty about mechanism be used to block
public health action. Conversely, if there is sufficient uncertainty about whether an
agent truly causes disease, then imposing regulations may lead to inappropriate uti-
lization of resources. This resource issue needs to be taken into account, but it should
not be the deciding factor.

We have discussed how biological markers may have a use in risk assessment. We
have not addressed the ethical, legal, or social implications of this use; they have
been discussed elsewhere.
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 Generally, biomarkers for exposure generate fewer of
these issues than biomarkers for effect or susceptibility, because an acquired effect
indicating disease risk may, in some ways, be considered similar to an inherited one.
Nevertheless, the distinction between these categories is subjective and is often blur-
ry. Care needs to be taken to guard against stigmatization, discrimination, and loss
of opportunity that can result from use of biomarkers in research or practice.
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