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Biologic markers have been discussed extensively in the scientific literature in the past 5
years. That literature generally has focused on the promise and limitations of markers.
Currently, a great amount of effort is under way in government, academia, and the private
sector to move the field forward. This effort may be characterized by the inventory and
review of potential markers and their use. The next requirement is to add a consideration of
research and design strategies for the validation and use of biologic markers, especially as
they pertain to the assessment of xenobiotic exposures and resultant health impairments.

This paper delineates a conceptual framework for the validation and use of biologic
markers. It expands on the concept of a continuum of events between ambient exposure to
a xenobiotic substance and resultant clinical disease. Strategies for research and marker
validation are presented. Biologic markers are considered useful in etiologic and mechanis-
tic research, in secondary prevention of disease, in risk assessment, and in assessing the
effectiveness of environmental controls. © 1989 Academic Press, Inc.

Biologic markers have been discussed extensively in the scientific literature in
the past 5 years (Perera and Weinstein, 1982; Fowie, 1984; Council on Environ-
mental Quality, 1985; Underhill and Radford, 1986; NIH, 1986; NRC, 1987;
Schulte, 1987; Perera, 1987; Harris et al., 1987; Hatch and Stein, 1987; Hulka and
Wilcosky, 1988). That literature generally has focused on the promise and limi-
tations of markers. Currently, a great amount of effort is under way in govern-
ment, academia, and the private sector to move the field forward. This effort may
be characterized by the inventory and review of potential markers and their use.
The next requirement is to add a consideration of research and design strategies
for the validation and use of biologic markers, especially as they pertain to the
assessment of xenobiotic exposures and resultant health impairments.

Biologic markers may represent signals in a continuum of events between a
causal exposure and resultant disease (NRC, 1987). Although biologic markers
have been used for decades, current technological advances and developments in
basic sciences allow for detection of smaller signals at diverse points in the con-
tinuum. These markers are generally biochemical, molecular, genetic, immuno-
logic, or physiologic signals of an event. The current method for estimating risks
by relating exposure to clinical disease (morbidity and mortality) can now be
supplemented by a fuller method, one that identifies intervening relationships
more precisely or with greater detail than in the past. As a result, health events are
less likely to be viewed as binary phenomena (presence or absence of disease) but
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rather as a series of changes—through homeostatic adaptation, dysfunction, to
disease and death.

The continuum between exposure and disease has been characterized by a
number of authors and scientific committees (NRC, 1987; Perera, 1987; Hatch and
Stein, 1987) and is shown in Fig. 1. Between exposure (E) in the ambient envi-
ronment and the development of clinical disease (CD), four generic component
classes of biological markers have been identified: (1) internal dose (ID); (2)
biologically effective dose (BED); (3) early biologic effects (EBE); and (4) altered
structure and function (ASF). Clinical disease also may be represented by biologic
markers for the disease as well as markers for prognostic significance (PS). The
relationship between all the markers in the continuum is influenced by various
factors that reflect susceptibility for occurrence (such as genetic or other host
characteristics). The definition of all the marker components has been elaborated
elsewhere (NRC, 1987; Hulka and Wilcosky, 1988). In brief: ID is the amount of
xenobiotic substance found in a biological medium; BED is the amount of xeno-
biotic material interacting with critical subcellular, cellular and tissue targets, or
with an established surrogate tissue; a marker of early biologic effect (EBE) is an
event, correlated with, and possibly predictive of, health impairment; ASF is a
prodromal biologic change more closely related to the development of disease.
Markers of disease (CD) and of prognostic significance (PS) reflect the presence
and future of developed disease, respectively. Markers of susceptibility are indi-
cators of increased (or decreased) risk for any component in the continuum.

RESEARCH STRATEGIES

In this paper a conceptual framework for research strategies for the use of
biologic markers in toxicologic and epidemiologic research is presented. The point
of departure from current state-of-the-art is the need for studies to validate and
characterize relationships between the classes of markers shown in Fig. 1. Figure
2 shows the number of distinct relationships between any two components in the
exposure—disease continuum (including markers of prognostic significance).
There are at least seven generic components in the continuum: exposure; internal
dose; biologically effective dose; early biological effect; altered structure/
function; clinical disease; and prognostic significance. Hence, there are a maxi-
mum of n(n — 1)/2 = 21 nominal relationships that may be studied in any single
exposure—disease continuum with n = 7 components. This number could, at least,
be doubled if the role of susceptibility between two components in the continuum
was evaluated.
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Fi1G. 1. Biologic marker components in sequential progression between exposure and disease.
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E — EXPOSURE
ID — INTERNAL DOSE
BED — BIOLOGICALLY EFFECTIVE DOSE
EBE — EARLY BIOLOGICAL EFFECT
ASF — ALTERED STRUCTURE/FUNCTION
CD -— CLINICAL DISEASE
PS — PROGNOSTIC SIGNIFICANCE

FiG. 2. Schematic representation of research possibilities using biologic markers.

It is important to emphasize that the continuum is a conceptual temporal se-
quence; the left-most component of the continuum generally precedes any com-
ponent to the right of it. The direction is arbitrary. It is possible to identify for a
given exposure and disease most of the components (or signals that represent
them) and to postulate a sequential progression. For example, Table 1 shows the
continuum for exposure to various xenobiotic agents. Whether the progression is
exactly linear or some other form, such as a multidimensional network, is debat-
able, but the linear paradigm is useful for research planning purposes. Use of the
heuristic linear sequential model should not preclude efforts to explore more
complex relationships between markers. For example, multiple markers may be
more efficacious than a single marker for characterizing a component of the con-
tinuum. In most exposure—disease relationships, the linear causal sequence is an
implied framework. Appraisal of the validity of components of the sequence re-
quires that the framework be made explicit and that the existence of causal rela-
tionships be tested. The paradigm of a continuum is only meant to elucidate a
single pathway among many pathways to a disease from a given exposure. To
better model the situation one would consider that there may be multiple path-
ways leading to a given disease. The contribution of one due to a specific exposure
needs to be evaluated in light of contributions from other pathways from other
exposures.

Figure 2 shows 21 possible relationships that may be evaluated along the con-
tinuum between exposure and disease. The importance of each of these will vary
depending on the priorities and objectives of investigators and funding institu-
tions. For example, Table 2 shows how some objectives can be met by studying
the associated relationships. These are not the only relationships that can be
studied to meet those objectives, but they represent possible initial approaches.
Research planners might consider research in light of these possible studies and
develop priorities and program plans accordingly.
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TABLE 2
POTENTIAL RELATIONSHIPS BETWEEN COMPONENTS IN AN EXPOSURE-DISEASE CONTINUUM THAT
CAN BE TESTED TO SUPPORT OBJECTIVES OF INVESTIGATORS AND FUNDING AGENCIES

Sequential relationships® between

Objective component markers
Etiology 7,8, 14, 15, 17
Mechanism 1,2,3,4,5,6
Secondary prevention 5,18, 19, 21
Risk assessment” 1,9, 10, 11, 14
Assessment of environmental controls 1,2,3,4,9,10

¢ Numbers refer to pathways in Fig. 2. The numbers have no particular order and are for purposes
of identification. This is not an exhaustive list.

& Although “‘risk assessment” requires both exposure and disease data, some of these represent
important intervening relationships useful in risk assessment.

For research planning purposes, one way to conceptualize these possibilities is
to consider E, ID, or BED in one category as markers of exposure, and ASF, CD,
and PS as markers of effect. EBE is an ambiguous marker prior to study and may
be used as either a marker of exposure or a marker of effect. Hence, a broad goal
would be to initiate research that examines the possible link between a marker of
exposure and a marker of effect and, more generally, to determine the entire
continuum for a certain exposure.

Biologic markers in the continuum can be treated as analogous to ‘‘exposure’’
or “‘disease’’ in classical experimental or epidemiologic research. This analogous
treatment is not without its pitfalls. In some cases, it cannot occur without co-
variate adjustments and a stipulation of an independent determination of each
variable.

These adjustments notwithstanding, the conventional techniques for assessing
exposure—disease associations, for screening for disease in populations, and for
handling multiple variables can be practiced for any two or more components in
the continuum. The major assumption that permits this analogous approach is that
there is an association between component markers.

Of great importance in relating variables in the continuum is that they be *‘crit-
ical effects.”” A critical effect is that biologic marker deemed most representative
of a particular component in the continuum and ultimately most pathognomonic.
It is important, therefore, to attempt to determine which is the critical effect
among the range of effects in a component category of candidate markers (Ashby,
1987; Hernberg, 1987). This requires a series of independent studies primarily
toxicologic, and then clinical and epidemiologic. It is necessary to develop a
hypothesis of the role of the marker in the development of disease. As more causal
component associations are identified, it becomes necessary to elucidate quanti-
tative relationships of the kinetics, natural history, and rates of transition along
the continuum.

Following determination of critical effects, it is necessary to relate critical ef-
fects to estimates of amount (dose) of preceding components in the continuum and
the amount of the succeeding ones (that is, for whatever marker is the indepen-
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dent variable). The conventional approach to validation is to relate a critical effect
to exposure or dose, or to toxic effects. It is suggested here that an additional
aspect of validation might include testing the association between a critical effect
at any point in the continuum and any other critical effect elsewhere in the con-
tinuum. Finally, it is necessary to develop precise, accurate, sensitive, specific,
and reliable assays for each component estimate and to determine factors that
influence them (Griffith et al., 1988; Schulte, 1987; Ashby, 1987).

RELIABILITY

A biologic marker is a measurement and hence can be considered as having two
components frequently referred to as ‘“‘signal’’ and ‘“‘noise’’ or *‘true effect”” and
“random error.”” Measurement errors need to be acknowledged and controlled.
Failure to control these errors can lead to a decreased sensitivity due to the lack
of reliability in measurements. Additionally, failure to control the unreliability
may lead to the following untoward consequences described by Fleiss (1986): (1)
need for increased sample size; (2) systematic bias of correlations in the direction
of underestimating them; and (3) biased selection of cases in case—control studies.
To control unreliability in measurement, Fleiss (1986) recommends that it be
standard practice to conduct a pilot reliability study before embarking on a major
research undertaking with measures known to be unreliable. Reliability may also
be improved by replicating measurement procedures on each study subject
(Fleiss, 1986).

VALIDATION

The validity of a biologic marker can be viewed in terms of the definitions of
“measurement validity’’ used in epidemiology (Last, 1983). Three aspects of
validity have been defined: construct validity, content validity, and criterion va-
lidity. The construct validity of a biologic marker is its ability to correspond to
theoretical constructs under study. For example, if some event such as kidney
function would change with age, then a biological marker with construct validity
should change as well. A biologic marker would have content validity if it incor-
porates the domain of the phenomenon under study. For example, a DNA adduct
for aromatic amines will integrate exposure from various routes and from occu-
pational and life-style exposures. A biologic marker will have criterion validity
according to the extent to which the measurement correlates with an external
criterion of the phenomenon under study. The two types of criterion validity that
have been distinguished are concurrent validity and predictive validity (Last,
1983). Concurrent validity is when the marker and the criterion refer to the same
point in time. For example, ambient air measures of occupational exposure to
trichloroethylene could be validated against breath analysis of trichloroethylene.
Predictive validity indicates the ability of a marker to predict a criterion. For
example, detection of (HLA) B27 can be validated against the appearance of
ankylosing spondylitis.

Validation of the relationship between various components of the continuum
from exposure to disease involves four levels of effort [as adapted from Gann
(1986)]: (1) the determination of an association between a marker and a preceding
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exposure or subsequent effect; (2) the location, shape, and slope of the exposure—
marker, or marker—effect relationship; (3) the threshold of ‘‘no observed effect”
level; and (4) the positive predictive value of the marker for exposure or disease.
The validity of biologic markers may be assessed in terms of sensitivity, spec-
ificity, disease frequency, and predictive value. The relationship between these
parameters and marker frequency is exhibited by the equation: m = bp + (1 —
a)(1 — p), where a is the specificity, b is the sensitivity, m is the marker fre-
quency, and p is the disease frequency (Khoury et al., 1985). The positive pre-
dictive value (ppv) of a marker is the conditional probability of developing a
subsequent component in the continuum given the presence of the marker. The
ultimate criterion of a marker is whether it has a strong positive predictive value.
The ppv can be calculated accordingly:

1+0-a)1-p)
bp

ppv = 1/

(Adapted from Khoury et al., 1985; Arezzo et al., 1983; and Griffith et al., 1988.)

A qualitative rating scale for the validity of biologic markers can be adapted
from the work of Busch et al. (1988) in reviewing tests for mutagens. Eight levels,
increasing in validity, have been delineated as follows: (1) the marker is “‘totally
experimental”” with complete uncertainty about health or exposure significance of
results; (2) the marker is experimental but theoretical reasons exist to suggest that
the marker will correlate with exposure or disease; (3) the marker may be found
to correlate with exposure or disease but significance of the data is still uncertain;
(4) the marker probably correlates well with exposure or disease but truly con-
clusive data are not available; (5) the marker has been extensively studied and has
been validated as a useful tool for monitoring exposure or diseases, but gives an
unexpected positive response in 10% of people screened; (6) the marker has been
extensively studied and has been validated as a useful tool for monitoring expo-
sure or disease but gives an unexpected negative response in 10% of people
screened who have a history of chronic abnormal exposure; (7) the marker has
been extensively studied and has been validated as a useful tool for monitoring
exposure or disease, with no or very rare false positives and negatives; and (8) the
marker has been validated and is completely predictive of exposure or disease
(Busch et al., 1988).

Ultimately, as discussed by Hatch and Stein (1987), an essential requirement for
a successful biologic marker of effect is that it should identify from among all
exposed individuals those most likely to become diseased. Ideally, we should be
able to observe a considerable gradient proceeding from left to right in the con-
tinuum between exposure and early biologic change. If the numbers scored pos-
itive for left-most markers do not include those positive for ASF or CD, then the
marker is of dubious value (Hatch and Stein, 1987).

MULTIPLE MARKERS

In some cases, it is possible that more than one marker will be required to
accurately represent a component in the continuum because a single marker will
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provide only a weak signal of events for a given component. Multiple markers
may offer a better possibility in representing a component. The major issues that
arise are (1) how to select the best markers from a group of candidates, and (2)
how to combine them into a useful index. The ultimate test for a group of markers
is how well they can discriminate between individuals with and without a partic-
ular exposure or outcome. The work of Gail et al. (1986) on multiple markers for
lung cancer diagnosis is illustrative with regard to combining markers in general.
They demonstrated that various discrimination rules, such as the Fisher linear
discriminant, the logistic discriminant, quadratic discrimination, and recursive
partitioning may be useful for attempting to combine multiple markers for any
given component in the continuum or for combining markers from multiple com-
ponents. These discrimination rules do not preclude the use of markers that are
correlated, although correlation may have an effect on whether a group of markers
can predict an exposure outcome.

SUSCEPTIBILITY

To adequately evaluate the association between two components in the contin-
uum it is necessary to account for differences in or manifestations of susceptibil-
ity. Susceptibility can depend on a variety of inherent or acquired host factors
ranging from genetic and demographic to behavioral. As depicted in Fig. 1, sus-
ceptibility can impinge on the occurrence of each component in the continuum
following exposure. The most systematic efforts at evaluating susceptibility have
involved genetic factors. Khoury et al. (1988) concluded that relative risk of
disease for the genetic markers is a function of the frequency of exposure to the
environmental agent, the strength of interaction between the genotype, and the
specificity of the environmental effect in relation to the genotype. They demon-
strated six patterns of genetic and environmental interactions that could affect an
association between a genetic marker and disease. These patterns reflect the
relative risk of disease for the exposure given that the relative risk for the genetic
factor equals one, or is greater or less than one. A relative risk less than one is
indicative of a protective factor which, in terms of this discussion, may be con-
sidered a lesser degree of susceptibility.

These patterns may apply generically to associations between any two compo-
nents in the continuum. Hence, the relative risk of the association between de-
pendent and independent variables can be assessed in terms of the interaction
between the dependent variable and the predisposing genetic factor. The failure to
consider the role of susceptibility in the association between two markers in a
causal sequence can lead to erroneous inferences of association.

EPIDEMIOLOGICAL DESIGNS
Longitudinal Cohort Studies

Studies of the relationship between biologic markers will be highly informative
when performed longitudinally—that is, according to the temporal sequence, the
left-most component in Fig. 1 occurs before any component to the right of it.
Longitudinal cohort studies are often expensive and require time to allow for the
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period between appearance of the first component and the second component
(dependent variable). The approach, however, is generally best for ascertaining
the predictive nature of one marker component for another.

In a cohort study, marker components in the continuum can be independent
variables for any component marker (dependent variable) to its right in Fig. 1.
This is due to the fact that there is an implied causality or positive association
between a preceding and any marker following in the sequence. The appearance
of any marker can be estimated by the standard hazard rate function \ [¢; Z(9)],
where ¢ is the failure time (i.e., when the outcome occurs, and Z is the standard
covariate history) (Prentice et al., 1986). These can be analyzed by relative risk
regression methods. Traditionally, in epidemiologic research, most estimates of
regression parameters are based on the assumption of exponential relative risk
(Prentice et al., 1986). There appears to be no reason that this would not pertain
to evaluations of markers in the exposure—disease continuum, where one marker
would be a covariate risk factor for a succeeding marker which would be the
outcome or failure.

A pressing need in epidemiologic research in general and with biological mark-
ers in particular concerns the impact of covariate measurement errors on relative
risk estimation (Prentice ef al., 1986). It also has been demonstrated that when
laboratory data are collected over an extended period, trends in the data may be
misleading. Often, these trends are the result of long-term drifts in values differ-
entially weighted toward people who have been recruited near the beginning of the
study rather than those recruited near the end (Thompson, 1983). It is, therefore,
necessary to adjust for temporal variation.

Case—Control Studies

The traditional case—control approach can be modified slightly for the purpose
of studying the relationship between any two biologic marker components in the
continuum. Hence, ‘‘case’ status, while traditionally based on clinical disease,
also may refer to a marker component which will serve as the dependent variable
(i.e., the disease surrogate). For example, cases of ASF and controls without ASF
may be identified from a population, then both may be evaluated for BED (given
the appropriate half-life), or the presence of other exposure markers and for other
various risk factors. One may still use the standard risk estimates such as the odds
ratio and various statistical tests of association. The interpretation of such re-
search will need to be qualified according to the types of markers and the extent
to which they are generalizable to other primary exposure situations and to ulti-
mate disease states. In other words, while an association may exist between
intermediary components of the exposure—disease continuum, until the predictive
value of those components for exposure and disease is assessed, the results will
be germane only to a specific part of the continuum.

The case—control design may be described in terms of incidence density sam-
pling. It involves the selection of a random sample of cases (failures) occurring in
a population during some specified case accession period. Corresponding com-
parison individuals (the controls) are randomly selected from the population with-
out failure during a specified subset of the case accession period (Prentice et al.,



138 PAUL A. SCHULTE

1986). Both cases and controls can be defined in terms of presence and absence of
biologic markers. Covariate histories pertaining to times up to case or control
ascertainment then are obtained retrospectively. The composition of such histo-
ries between cases and controls can then be used in the estimation of relative risks
and odds ratios. Relative risk regression models are appropriate for evaluating
these data and can be used without introduction of a rare disease assumption
(Prentice et al., 1986). Similarly, cases and controls can be defined convention-
ally, and covariate risk factors can be obtained using biological markers of expo-
sure or early effects.

In estimating the sample size for a case—control study involving biologic mark-
ers, the data for the independent variable are often continuous. This has received
little attention. What attention there has been involved a probit risk model with
the assumption of multivariate normal distribution for exposure variables (Lubin
et al., 1988). Since probit parameters are not directly interpretable as odds ratios
and because exposures may have skewed distributions, these formula have not
had wide application (Lubin ef al., 1988). An alternative has been developed for
case—control designs. The approach uses a score statistic, flexible for any form of
exposure data—continuous, ordinal, or dichotomous (Lubin et al., 1988). For
hypothesis testing purposes, any component in the exposure—disease continuum
can be considered an ‘‘exposure’’ for a succeeding component.

Another important issue to be considered is the use of historical control data in
studies involving biologic markers. The following criteria for judging the accept-
ability of historical control data from observational studies using biologic marker
can be synthesized from recommendations by Pocock (1976) for clinical trials and
Margolin and Risko (1984) for laboratory experiments: (1) the historical data must
have been gathered by same the research team conducting the current study; (2)
the study protocol must have remained fixed throughout the period covering the
historical studies and the current one; (3) the historical and concurrent control
groups must be comparable with regard to demographic factors; and (4) there
must be no detectable systematic differences in response between various control
groups (Margolin, 1988).

Cross-sectional Studies

Prior to initiating longitudinal or case—control studies, it is often preferable to
perform a cross-sectional study. The cross-sectional study is the easiest to per-
form but often yields the least amount of information. This is because the tem-
poral relationship between the dependent and independent variables cannot be
examined. Thus it may not be possible to establish whether one factor is the cause
of an effect. However, if there is a mechanistic model developed in animals or for
an in vitro test system, more can be inferred from a cross-sectional design. Still,
such studies are quite valuable either as developing leads for further studies or for
determining feasibility for longitudinal or case—control studies.

Cross-sectional studies will yield the most information when participants are
selected by random (probability) sampling (Gail et al., 1986). This is not always
possible when the focus of the study is in a previously targeted group, such as
workers in a particular department or residents living near a landfill. Without
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random sampling, however, the cross-sectional study will have serious limitations
for making causal inference or generalizations. Cross-sectional studies with bio-
logic markers are best conceived if there is a causal hypothesis for the relationship
between markers.

Hybrid Studies

Various hybrid designs for epidemiologic studies have been identified (Klein-
baum et al., 1982). These combine elements of two basic designs, extend a design
through repetition, or combine elements of a basic observational design with
elements of non-observational design (experiment or quasi-experiment) (Klein-
baum et al., 1982). The same approach as discussed previously (using marker
surrogates for exposure or disease) can be used here as well, with the same
precautions mentioned. Biologic markers also lend themselves for use in non-
observational studies because of their ready accessibility and often shorter time-
to-appearance than clinical disease.

An advantageous hybrid design for the use of biologic markers involves case—
control sampling within a cohort. One such design has been referred to as a
synthetic case—control design, time-matched, or ‘‘nested’’ case—control design. It
involves matching each case (failure) in the cohort to a random sample of subjects
at risk and without failure at the time of failure in the stratum of the case (Gail et
al., 1986; Breslow and Patton, 1979). Another approach, the ‘‘case—cohort
design’’ for sampling within a cohort, involves selection of a randomly selected
subcohort from the entire cohort, which then serves as a comparison group for all
cases arising during cohort follow-up. Covariate histories need to be assembled
only for subcohort members and cases. Further development of designs for sam-
pling within a cohort has been recommended and urged as a high priority (Gail et
al., 1986).

META-ANALYSIS

Due to the cost and logistical considerations, studies using biologic markers
often will be relatively small. In some situations, there may be benefit in a formal
evaluation of information from a series of comparable but not truly replicate
studies that share a common response variable. This approach, often credited as
arising in the social science literature, has been called meta-analysis (Margolin,
1988; Light and Pillemer, 1984). The use of a meta-analytic approach is not
recommended to supplant the performance of studies with adequate sample size.
This is because the collection of a series of small studies that reinforce each other
may produce a false negative result due to the lack of power or a false positive
result due to an illusion of comparability which is actually not present.

The method of meta-analysis may be pertinent to studies of biologic markers
which often utilize continuous outcomes and show a wide range of variation. One
benefit of meta-analysis is the analysis of heterogeneity, which is often more
important than computing some fictional common ‘‘average” effect (Light and
Pillemer, 1984; Greenland, 1987).

A meta-analysis of a number of studies on the same continuum should be
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viewed with caution. However, it may provide an overview which will foster the
development of ‘‘new’’ hypotheses, which can be tested in subsequent studies.

ANALYTICAL ISSUES

The component markers in the continuum shown in Fig. 1 are not necessarily
discrete or the only events in the continuum. There may be a series of other
components (steps or stages) between (or in parallel with) these components that
have yet to be discovered. In part, the definition of particular markers depends on
the current state of knowledge about the relationship between a xenobiotic ex-
posure and a disease. Without knowledge of mechanism, it is not possible, ulti-
mately, to effectively differentiate between a marker of exposure and a marker of
effect (Harris et al., 1987; Lucier and Thompson, 1987).

Research designs involving more than two components in a continuum will, by
definition, make some of the components intervening variables. At issue is
whether the variable is truly an intervening variable or a confounding factor. In a
causal progression, it may be a risk factor for disease but it may be correlated also
with exposure (since it presumably results from exposure). In this case it should
not be considered as a confounding factor, since the effect of exposure is mediated
through the effect of altered biochemistry or physiology. Any factor that repre-
sents a step in the causal progression between exposure and disease is not a
confounding factor; rather, it is an intervening variable (Rothman, 1986). Roth-
man (1986) has discussed how an investigator can decide if a factor is confounding
or not. The answer is seasoned expert judgment of the best available information.
When there is uncertainty about the mechanism, handling a potential confounding
factor as both confounding and not confounding in different analyses is justified
(Rothman, 1986). If the variable is believed to be an intervening variable, then
controlling for it in the analysis as a confounding factor may lead to a serious
underestimation of effect.

The effective use of various markers as dependent or independent variables in
epidemiologic studies must resolve problems of overlap between subjects with
and without the marker of interest. The classification of subjects with regard to a
marker is analogous to the traditional evaluation of screening tests to detect high
risk individuals. Ideally in a disease screening context, a marker would predict
without error every individual with disease (Makuch and Muenz, 1987). In a more
generic sense regarding the continuum between exposure and disease, a marker
would ideally predict every individual with a subsequent marker component. Due
to the complexity of human biologic phenomena, the refinement of marker de-
tection and measurement techniques, the absence of knowledge of the transition
rates of particular markers, and unreliability in measurements, there can be over-
lap and misclassification (Makuch and Muenz, 1987). Not all individuals with a
particular marker will develop a subsequent marker. In fact, some markers may
be a reverse indicator of a subsequent marker or individual disease risk (Ashby,
1987).

Quite often more than one marker will be a candidate to be a component in the
continuum. Most of the candidates could be spurious. With some techniques, for
example, such as two-dimensional electrophoresis and image analysis, dozens or
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even hundreds of gene expression products (proteins) can be candidate markers
for single or multiple components in the continuum (Anderson and Anderson,
1984). In other cases, a component will be best defined by several markers rather
than an individual one. In both of these instances it is necessary to have a strategy
for (1) how to screen a group of several markers and determine which ones should
be submitted for formal statistical analysis; (2) the prerequisites to studying sev-
eral markers simultaneously, including what kinds of statistical models are ap-
propriate and how the markers should be entered into the model; and (3) methods
to determine if one model is superior to another in its ability to discriminate
between two populations (Makuch and Muenz, 1987). Makuch and Muenz (1987)
have used a technique for graphical analysis of tumor markers that may also be
applicable generically for the evaluation of multiple biologic markers to adjust for
chance findings due to simultaneous inferences, and to enter the markers in re-
gression models to allow for further investigation of the relation between markers
and other independent variables.

Analysis of epidemiologic data for studies involving biologic markers can utilize
a rich diversity of statistical models. Breslow and Storer (1985) have proposed a
family of relative risk functions so that by varying the exponent of power trans-
forms, the effects of individual risk variables are made to combine in a fashion that
ranges from subadditive to supramultiplicative. These risk functions are applica-
ble to studies using biologic markers. The choice of models can produce large
quantitative differences in risk that can have profound implications for causal
interpretation and for public health practice.

The use of biologic markers should allow for a realistic representation of vari-
ation in host and dose factors in a heterogenous population. Selection of appro-
priate statistical models for analysis of biologic marker data should be part of a
staged and iterative process that draws upon developments in the understanding
of toxicokinetic and pathologic mechanisms from laboratory studies. Further, as
larger segments of the continuum are modeled, there will be an increased oppor-
tunity for an impact of host and dose factor variation. Modeling of intermediate
steps will help control for some of this variation. Biologic marker data from future
epidemiologic studies should stimulate the development of improved mathemat-
ical models (Alavanja et al., 1987).

Relationships between components in the continuum can be modeled by two
broad approaches: empirical and process modeling. The empirical approach can
be used when there are no explicit hypotheses about components. The approach
is to use statistical techniques to find the combination of descriptors that ‘‘best™
explain the observed effects (Checkoway, 1986; Smith, 1987). The process mod-
eling approach uses quantitative toxicologic models to estimate concentrations in
biological compartments and temporal patterns of occurrence. It requires explicit
hypotheses. Process modeling should be the goal as more is learned about the
continuum in Fig. 1.

DISCUSSION AND CONCLUSION

The next stage in the development of biologic markers for use in toxicologic and
epidemiologic research can be stimulated by a strategy for validating markers and
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the development of a framework for their application. The use of the
“‘continuum’’ paradigm provides the opportunity for wholly modeling the inter-
vening relationships between exposures and disease outcomes. Heretofore, the
detailed steps between exposure and disease have been unknown for many dis-
eases, or not understood enough for use in modeling.

It is possible to critique the proposed exposure—disease continuum in several
ways. First, the effort to fit a model of biologic markers into a causal pathway for
disease assumes that the continuum for exposure and the continuum for disease
are parallel and continuous. This is the paradigm, but it does not preclude other
possibilities of multiple pathways and multiple markers for each component.
Some components will be represented by markers or surrogates that are in the
causal pathway between an exposure and disease. Other markers may represent
a component in the pathway of interest but are indicative of the causal pathway
for another disease (Fig. 3). There is still a great deal to learn about the design
impact of using different types of markers in studies. What is the impact of using
stochastic and nonstochastic markers, surrogate versus correlative markers, or
markers as both independent and dependent variables?

The second issue is that testing causation has been problematic for epidemiol-
ogists and depends on views of inductive and deductive logic and models of
causation (Susser, 1973; Weed ef al., 1988; Rothman, 1986). Historically, obser-
vational epidemiology only has been able to infer causality. There is an attempt,
in this paper, to consider that between ambient environmental exposure and clin-
ical disease there is a continuum or a progression of factors which have a causal
association. Using biologic markers allows for a refined view of the continuum.

In addition to design considerations, there are various other methodologic is-
sues that need to be considered in research involving biologic markers, not the
least of which are issues of human subjects protection, interpretation and com-
munication of results, and risk management (Schulte, 1987; Ashby, 1987). These
may be limiting in future research (Higginson, 1988).

This paper describes and advocates the use of biologic markers. This should not
be taken as a recommendation to dismiss consideration of the social, psycholog-
ical, cultural, political, or economic factors that interact in the development of
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disease. Nor is this a prescription for shifting the emphasis of epidemiologic
research toward toxicologic poles. Rather, this paper advocates a conceptual
framework that can enrich both toxicologic and epidemiologic research.
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