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The assessment of exposure is an important component
of the risk assessment process. Exposure information is used
in risk assessment in at least two ways: 1) in the identification
of hazards and the epidemiologic research investigating ex-
posure-response relationships and 2) in the development of
population exposure estimates. In both of these cases, the
value of a chemical risk assessment is enhanced by improve-
ments in the quality of expasure assessments. The optimum
exposure assessment is the direct measurement of population
exposure; however, such measurements are rarely available,
Recent developments in methods for exposure assessment
allow estimates to be made that are valid representations of
actual exposure. The use of these exposure estimates to
classity exposures correctly enhances the likelihood that
causal associations between exposure and response will be
correctly identified and that populaticn risks will be accurately
assessed.

Introduction

Chemical risk assessment is founded upon the premise
that exposure causes risk. The presence of exposure indicates
potential risk. In the simplest case, for example, those without
exposure are subject to some background level of risk of an
adverse health outcome, whereas those who are exposed may
experience some increment of risk above background. The
quantitative risk assessment seeks to describe the nature of
the association between exposure and the response which
constitutes the additional risk.

Exposure assessment is an important component of the
overall risk assessment process. The information derived
from exposure assessment may be used at two points, at least,
in quantitative risk assessment. The first is in research, par-
ticularly in the human epidemiologic studies that are impor-
tant for hazard identification and the assessment of
exposure/dose-response associations. ! In these studies,
valid exposure assessment is essential to identify these as-
sociations and to establish evidence that the associations are
causal in nature. The criteria that are applied to evaluate the
likelihood of a causal association (e.g., the strength of the
exposure-response association, the presence of an exposure—
response trend, and a clear temporal relationship between
exposure and development of theeffect) all require at least
an indirect assessment of exposure.

The second use of exposure information is as a classifica-
tion variable when risk assessment models are used to es-

timate population risks. In this case, exposure status is an
independent variable used in a predictive model to estimate
population risks, so error in exposure assessment will result
in error and uncertainty in the risk estimates. The quality and
predictive value of quantitative risk assessments are en-
hanced, therefore, by improvements in the assessment of
exposure.

The Exposure/Dose—Response Continuum

The discussion of exposure assessment in quantitative
risk assessment can begin by examining the concept of ex-
posure itself. Particularly for the case of environmental con-
tact with chemicals, exposure can be viewed as part of a
process through which a chemical produces a toxic response
or health effect. When the chemical is, in fact, the cause of
the observed effect, the pathway from source to response may
be termed a causal continuum. As shown in Figure 1, there
are several components of this pathway, of which exposure
is one.

Ambient Concentration

The pathway starts at the source of the chemical itself.
For our purposes, the source may be considered to be the point
of release of the chemical into the environment. The source
may be a stack releasing sulfur dioxide (SO2) into the atmo-
sphere, an outfall from a sewage treatment facility, a furnace
in a foundry, or a new carpet in an office building. When a
source has released a chemical, the chemical’s presence in the
environment is characterized as an ambient concentration. It
may be described in units such as mass per volume, e.g.,
milligrams of particulate material per cubic meter of air
(mg/m3) or micrograms of chloroform per liter of drinking
water (tg/L). All measures of ambient concentration are
defined in such terms of units of the contaminant per unit of
the environmental matrix.

Exposure

‘The ambient concentration is an environmental measure,
which is independent of any human interaction. When people
come into contact with a chemical through an environmental
medium, the process is termed exposure. The factor that
distinguishes between ambient concentration and exposure is
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FIGURE 1. Conceptual model of causal association in occupational
epidemiology.

the human interaction with the environment. Just as a tree
falling in the forest may release energy in the form of sound
waves, it is noise only if there is someone there to hear it. By
the same logic, the presence of a contaminant in an environ-
ment does not necessarily constitute exposure, unless there is
a receptor in the environment to come into contact with the
contaminant. Exposure is the result of human contact with an
ambient concentration of a chemical. Following the causal
pathway in Figure 1, we reach the center concept of exposure
resulting from human interaction with the environment.

When exposure is considered as a component of the
causal continuum, it is helpful to think of it in terms of a
process, rather than an event. Although there are momentary
events and short-term exposures that may cause adverse
health effects, most risk assessments should consider ex-
posure to be a process occurring over time. Exposure can then
be regarded as a dynamic process in three dimensions: com-
position, magnitude, and time.

Composition of Exposure

Accurate exposure assessment requires a complete un-
derstanding of the composition of exposure. If we are to
correctly identify associations between exposure and effect,
the true composition of the exposure must be known. In
epidemiologic studies, the incomplete or inaccurate assess-
ment of the composition of exposure may result in the failure
to identify a causal association between exposure and
response, or erroneous attribution of cause through confound-
ing or effect modification. In a recent study of exposure to the
industrial chemical 1,3-butadiene, we discovered that the
analytical method which had been used historically to
measure exposures to this chemical may have incorrectly
included measurements of compounds other than butadiene
along with the actual butadiene exposure. The source of this
uncertainty was the incomplete resolution of these com-
pounds in the gas chromatographic analysis.(3) The result of
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this lack of analytical specificity could be overreporting of
the true butadiene exposure, which would result in errors in
describing the exposure-response relationship if this ex-
posure data were used in a quantitative risk assessment.
Another example of the importance of knowing the composi-
tion of exposure comes from animal studies of SO2 exposure
and aerosols. Atmospheric particles smaller than 1 pm in
diameter were found to strongly potentiate the irritant effect
of SO2 compared with exposure to gaseous SO2 alone or in
combination with large-diameter particulate material.  If the
true composition of these mixed atmospheres were not
known, including the gaseous SO2 and the aerosol size dis-
tribution, the actual exposure—response relationship between
SOz and pulmonary irritation would be obscured.

Magnitude of Exposure

Another characteristic of exposure that must be assessed
is its magnitude. The accurate quantitation of the level of
exposure is an essential component in the assessment of risk.
Methods to measure the level of exposure are the subject of
several full disciplines spanning methods derived from air
pollution, industrial hygiene, and a range of occupational and
environmental health sciences. The methods for assessment
of chemical exposures are usually driven by, and limited by,
the laboratory practice of analytical chemistry. The measure-
ments made using these methods usually reflect what is
possible analytically rather than what may be the best infor-
mation for studying the association of the exposures and
health effects. For example, painters using epoxy-based coat-
ings may be exposed to aerosols containing epoxy resin
molecules which have two functional epoxy groups each.
These reactive epoxy groups are responsible for a range of
toxic effects associated with epoxy resins, such as sensitiza-
tion and mutagenesis.( Epoxy paints are prepared for ap-
plication by mixing the resin with a curing agent that reacts
with the epoxy groups. The mixture that constitutes the
painters’ exposure contains some epoxy resin molecules
which have begun to react with the curing agents in the
mixture, forming polymeric chains. These chains still contain
available (unreacted) epoxy functional groups, however, and
a measurement method that is sensitive only to the unreacted
DGBA molecule can seriously underestimate the effective
total epoxy exposure.(G) Limitations such as these may be-
come apparent when we consider exposure as it is related to
dose as a cause of effects in biological systerns.

Exposure Over Time

The third dimension that can be applied to exposure is
time. Exposure is a process occurring over tirne, and the first
two characteristics (composition and magnitude) change over
time. Accurate assessment of exposure must recognize the
dynamic nature of exposure over time and consider the effect
of these changes on the nature of the exposure—response
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relationship. Monitoring techniques available today, for ex-
ample, allow continuous monitoring of chemical exposures
in real time. In studies such as an investigation of the associa-
tion between ozone levels and respiratory function in
children, continuous monitoring for ozone revealed that the
concentration in the hour preceding pulmonary function test-
ing was the strongest predictor of effect as compared with
exposure levels avera, ed over other time intervals, as well as
cumulative exposure. ) In chronic diseases such as cancer,
cumulative lifetime exposure to compounds such as asbestos
and benzene have been strongly associated with disease
risk. 89 In these studies of chronic effects, exposure levels
changed dramatically over the time during which the study
subjects were exposed. Exposure assessment to document the
changes in the level of exposure over time was essential in
developing accurate exposure estimates to correctly classify
study subjects in the epidemiologic analysis.

The time at which a subject’s exposure occurred can be
important in investigations of the exposure/dose-response
process. The age of an individual at the time of exposure, or
during the period over which exposure occurs, is a factor
which could influence the likelihood that exposure will result
in a health effect. It is known from animal studies, for ex-
ample, that younger animals are more susceptible to the
induction of cancer from exposure to polycyclic aromatic
hydrocarbons than are older animals.'®) Therefore, ageatthe
time of exposure should be considered as a variable in
evaluating these associations. The time sequence of ex-
posures may also be a determinant to be considered in an
exposure assessment. If exposure to an agent that is a
promoter of a carcinogenic response takes place after an
initiating event, the eventual health outcome could be very
different than if the order of exposure were reversed. An
exposure assessment that identified the occurrence of both
exposures without noting their time sequence could obscure
the actual association between exposure and risk.

Dose

In our efforts to improve the quality of exposure assess-
ment, it is important to recognize that exposure itself is not
the proximate cause of a biological change or a health effect.
Exposure is a process that results from human interaction with
an ambient concentration of a contaminant. The assessment
of exposure is an environmental measurement; we need to
recognize that exposure is not the same as dose, although they
are closely related. As shown in Figure 1, exposure and dose
are related parts of the causal continuum, but there are impor-
tant differences between the two. For our uses, dose can be
considered to be a measure of an agent at a receptor site in a
living system. D The molecular site at which biochemical
events take place is not accessible for direct measurement.
Although we do not have the ability to directly measure the
quantity of a toxin.directly at its point of action, we can make
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a measure of exposure that is representative of and correlated
with dose. In this manner, we can determine exposure as the
environmental precursor of dose. Using this as our operation-
al definition, we can refine our methods of exposure assess-
ment to optimize the value of exposure as a dose measure.

In studies that seek to evaluate the association between
exposure and effect, exposure should be assessed as the best
possible surrogate or marker of dose. This means that ex-
posure measures must consider factors that will mediate the
pathway between exposure and dose (e.g., the characteristics
of exposure itself such as composition and magnitude over
time) and the characteristics of the exposed population. Fac-
tors such as the age and gender distribution of an exposed
population can have a very significant effect on the relation-
ship between the exposure and the dose to critical biclogical
units between individuals in the exposed population. Occupa-
tional factors, such as contact with other chemicals on the job,
can have a significant impact on the nature of an exposure—
response association, e.g., the synergistic effect of polycyclic
aromatic hydrocarbons and sunlight in the risk of photosen-
sitization and skm cancer among roofers and highway con-
struction workers.('? Factors related to lifestyle and personal
behavior can have a substantial impact on exposure-response
associations, as in the case of smoking among asbestos—ex-
posed workers. Exposure assessment must be comprehensive
in approach, recognizing the characteristics of the exposure
of primary interest, of other potentially confounding ex-
posures, and the characteristics of the exposed populations
that will influence the association between exposure/dose and
response. When exposure assessments are optimized to iden-
tify exposure correctly and.to classify study subjects based
upon exposures that are relevant to the effect being observed,
the power of study to identify an association and to establish
evidence that it is causal in nature is enhanced.

Exposures of Populations

In hazard identification and epidemiologic research, or
in risk estimation, the quality of the exposure information is
an important determinant of the quality of the risk assessment.
When a causal relationship between exposure/dose and
response has been identified, or when evidence for such an
association is being evaluated, assessment of exposure as a
valid indicator or surrogate of dose is essential. The goal of
an exposure assessment, therefore, is to provide an accurate
exposure value for each member of the population of interest.
One approach to obtain this is to assess exposure by direct
measurement for each individual in the population. This has
been done in some well-defined populations, usually in oc-
cupational settings, when the outcome of interest is an effect
with a short period of induction or latency, such as a level of
enzyme activity or a molecular end point. Studies such as
these can be conducted cross-sectionally allowing individual
exposure and effect measurement for each study subject.
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This can be a powerful approach to research and risk assess-
ment becauseé exposure measurement techniques can be used
that continuously monitor the level and pattern of personal
exposure over time.{'® In most situations, this sort of direct
measurement is not possible, and some method for estimating
exposures from limited information must be employed.

The simplest exposure assessment for a population is the
dichotomous classification into exposed and unexposed
groups. Members of the population of interest can be clas-
sified on the basis of ever having been in a situation of
potential exposure to the contaminant(s) of interest. Ex-
amples of such dichotomous classification could be 1) ever
having lived with a smoker (yes orno), 2) ever having worked
in a chemical production facility, or 3) ever having lived in
an area served by a particular municipal water supply system.
A simple classification system such as this offers the ad-
vantage that it is likely to distinguish individuals between the
two categories correctly. There are anumber of disadvantages

to such a system. Specifically, it is qualitative in nature, .

providing very little information about the nature and mag-
nitude of exposure. By using such a surrogate measure of
exposure, the amount of misclassification may be low, but the
value of the exposure classification for risk assessment is
limited. However, this sort of classification has been useful
in investigating associations between employment in par-
ticular industries and disease, e.g., studies of cancer of the
respiratory tract among coke oven workers.(!¥

A variety of exposure assessment methods may be con-
sidered as semiquantitative approaches. These techniques are
an improvement over the simple, dichotomous classification
because they attempt to classify members of a population
based upon the magnitude of exposure on a relative scale. A
common assessment technique is to use duration of exposure
as a marker for total, cumulative exposure. The extent to
which total length or duration of exposure accurately repre-
sents total exposure is limited by the homogeneity of ex-
posure level between members of the study population, as
well as over time. If all members of the population have the
same level of exposure and if that level is constant over time,
then a ranking of population members by total duration of
exposure would be identical to ranking by cumuiative ex-
posure. These conditions of constant, homogeneous exposure
over time are rarely met, however, and the use of duration of
€Xposure as an exposure assessment outcome can result in
substantial misclassification.!” In cases where information
has been available to examine both duration of exposure and
some other exposure classifier which accounted for differ-
ences in exposure between individuals and over time, dura-
tion has been found to be an inferior predictor of risk. &

In recognition of the variability in exposure between
individuals and over time, exposure assessment strategies
have been developed employing ofdinal ranking systems to
classify individuals into categories based upon level of ex-
posure. These approaches are frequently used when a limited
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amount of measured exposure information is available. In
such cases, an exposure value measured for a portion of the
study population may be assigned to others in the population
who are considered to be similar in terms of factors that
determine their exposure. This approach offers the advantage
of allowing examination of the nature and shape of the
exposure/dose—response relationship, as the exposure classes
have a numerical value associated with each of them. The
major disadvantage of this approach is that errors in the
assignment of individuals to the classes and errors in the
ranking values used for the classes tend to create exposure
misclassification which dampens the apparent relationship
between exposure and response, provided the classification
errors are random. %17

The most quantitative approach to exposure assessment
(short of making individual personal exposure measure-
ments) is to develop a strategy to assign unique exposure
values for each member of the study population over the
period of interest. This approach has been employed when
there is at feast some measured exposure information that will
support the development of a predictive model to estimate
exposures for individuals and time periods where measured
exposures are not available. The available information on the
levels of exposure and the characteristics of the members of
the study population can be used to develop statistical models
that predict exposures. Although this approach to exposure
assessment requires sufficient measured data to support the
development of a predictive model, it has the advantage of
generating point estimates of ex?osure that can be used for
quantitative risk assessment. &1

Exposure Misclassification

If we consider exposure as a risk factor for the develop-
ment of a health effect or disease, the nature of an association
between risk and effect can be fully and correctly evaluated
only when the risk and effect measures are valid. Incorrect
assessment of either exposure or effect results in misclas-
sification that can obscure true associations and lead to error
or uncertainty in risk assessment.

Exposure misclassification is most likely to be nondif-
ferential in nature; that is, errors in exposure classification
will occur throughout the study population, without regard to
health or outcome status. In the simplest case, members of a
study population who are truly exposed may be incorrectly
classified as unexposed, and some exposed are classified as
unexposed. In this case, the net result will be a bias in the
study findings toward the null hypothesis of no association
between exposure and response. In more quantitative ex-
posure assessments, such as the assignment of individuals to
rank-ordered categories based upon cumulative lifetime ex-
posure, nondifferential misclassification between adjacent
exposure categories can have an attenuating effect on an
exposure-tesponse trend, if one, in fact, exists. 19 Even when
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the exposure misclassification rate is only 20%, the true
estimate of risk among the exposed can be substantially
greater than the apparent relative risk. This holds whether the
misclassification is between a simple exposed/unexposed
dichotomy or by some more-quantitative exposure classes. A
misclassification rate of 20% would not be at all surprising in
epidemiologic studies, particularly when exposures must be
estimated based upon a historical reconstruction for some
members of a study population. In the few studies where
estimates of historical exposures were compared with actual
measurements of exposure from the past, agreement within
20% between estimates and measurements of past exposure
would be considered very good. In many cases, much larger
differences have been observed.

Summary and Conclusions

Valid exposure assessment is an essential part of quan-
titative risk assessment. The incorporation of exposure infor-
mation in hazard identification and research enhances the
likelihood that these activities will correctly identify etiologic
associations between exposure and response and accurately
determine the strength of these associations. When a quan-
titative risk assessment is conducted to estimate population
risks, accurate assessment of exposure will improve the
validity of the risk estimates. Direct measurements of human
exposures would be the most accurate assessment of ex-
posure. Although such measurements are frequently not
available, new approaches to exposure assessment are being
developed to provide accurate exposure estimates for popula-
tions. These improvements in exposure assessment
methodology offer the prospect for advances in the practice
of quantitative risk assessment.
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