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We are in the era of molecular research. Between 1970 and 1990, the num-
ber of medical journals with the word “molecular” in the title grew from 31
to 90, signaling that the understanding of biologic phenomena has proceeded
to the molecular level. This evolution resulted from advances in molecular
biology, genetics, analytical chemistry, and other basic sciences. It is now
possible to detect smaller amounts of analytes and contaminants and smaller
biological changes, as well as to identify mechanisms at the cellular and mo-
lecular levels. Progress in the molecular approach to biology and medicine
has stimulated and excited both the public and researchers, who now believe
these advances can be applied to the study, prevention, and control of health
risks faced by human populations. The term “molecular epidemiology” may
be used to describe such an approach: the incorporation of molecular, cellu-
lar, and other biologic measurements into epidemiologic research.

The use of molecular markers represents a quantum leap in the evolution
of epidemiologic ideas. Epidemiology has evolved through development and
inclusion of many advances such as the systematic collection and analysis of
vital statistics; delineation of the triad of agent, host, and vector (applied in
infectious and chronic diseases); refined exposure assessments such as dietary
questionnaires and job exposure matrices; clearly delineated study designs
{longitudinal and case-control); and heightened computational and statisti-
cal capabilities (maximum likelihood estimators, logistic and Poisson regres-
sion). To this list now must be added technologically powerful measures of
biologic variables, that is, biologic markers indicating events at the physio-
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logic, cellular, subcellular, and molecular levels. Molecular epidemiology is
the use of these biologic markers in epidemiologic research. Although use of
biologic markers is not new to epidemiology, the current generation of mark-
ers enhances past approaches. The use of validated biologic markers can con-
tribute the following opportunities and capabilities to epidemiologic re-
search:

1. delineation of a continuum of events between an exposure and a re-
sultant disease;

2. identification of exposures to smaller amounts of xenobiotics and
enhanced dose reconstruction;

3. identification of events earlier in the natural history of clinical dis-
eases and on a smaller scale;

4. reduction of misclassification of dependent and independent vari-
ables;

5. indication of mechanisms by which an exposure and a disease are
related;

6. better accounting for variability and effect modification; and

7. enhanced individual and group risk assessments.

Collectively, these capabilities provide additional tools for the epidemiolo-
gist studying questions on the etiology, prevention, and control of disease
(Fig. 1.1).

Molecular epidemiology is a natural confluence of powerful develop-
ments in basic biomedical sciences and the field-tested methods of epidemi-
ology. Although “molecular epidemiology” can be viewed as an evolutionary
step in epidemiology, a supplemental set of tools, or even a separate disci-
pline, it generally does not represent a shift in the basic paradigm of epide-
miology. This new approach allows for more accurate comparisons among
groups, further clarification of mechanisms, and more specialized assessment
of individual risk functions, all of which have been established in historical
epidemiology. Molecular epidemiology does not have all of the characteris-
tics of a distinct discipline or even of a branch of epidemiology. Rather, it is
better seen as a diverse range of approaches and techniques that can supple-
ment the field of epidemiology and boost the field to a new level of opportu-
nity and capability.

Capabilities of Molecular Epidemiology

Delineation of a Continuum of Events between Exposure and Disease

Figure 1.2 shows the evolution of the concept of a continnum useful in mo-
lecular epidemiologic research [Perera and Weinstein, 1982; Gann et al.,
1985; National Research Council (NRC) 1987; Hulka and Wilcosky, 1988;
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FIGURE 1.1 Intervention strategies that can utilize molecular epidemiologic methods: The
example of cancer. Molecular epidemiologic approaches can be used to identify etiologic factors
and to assess effectiveness of chemoprevention, secondary and tertiary prevention, and therapy.
(Reprinted with permission of Thomas W. Kensler, 1992.)

Schulte, 1989]. A rich level of detail can supplement previous categorical
models that linked exposure and disease. The concept of a continuum of
events between exposure and disease provides the opportunity to insure that
epidemiologic research has a biologic basis for hypotheses and provides the
analyses to test these ideas. New opportunities for classical and hybrid epi-
demiologic study designs can be applied to this continuum (see Chapter 6).
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FIGURE 1.2 Evolution of the detailed continuum for molecular epidemiologic research.

Identification of Exposures to Smaller Amounts of Xenobiotics
and Enbanced Dose Reconstruction

The powerful tools of molecular biology, analytical chemistry, and related
disciplines now allow exposure determinations on the order of 1 part in 101®
or 102! (Abdel-Baky and Giese, 1991; Wild and Montesano, 1991). This
ability to identify small amounts of a xenobiotic makes more active consid-
eration of “background” levels of target xenobiotics in nominally nonex-
posed subjects important when designing studies and assessing covariates
and confounding factors.

A key capability of molecular epidemiology is assessing past exposures
and reconstructing doses received from past exposures by using biologic
measurements on samples taken from small groups of subjects (Ehrenberg et
al., 1974; Calleman et al., 1978; Thilly, 1982; Wogan and Gorelick, 1989;
Groopman et al., 1991; Mendelsohn, 1991; Taylor et al., 1992). This pro-
cedure is termed “biologic dosimetry.” Biologic dosimetry can complement
traditional methods of dose reconstruction by using personal dosimeters to
measure ambient exposure, by estimating body burdens through sampling
fat, urine, or other materials, or by detecting adducts, gene mutations, chro-
mosome aberrations, or other relevant markers (Mendelsohn, 1991).

Identification of Events Earlier in the Natural History

As shown in Figure 1.2, when a continuum or part of a continuum between
an exposure and a disease is identified and understood, it is possible to focus
on preclinical rather than clinical events. Thus, asymptomatic individuals
who are at increased risk of manifesting clinical disease can be identified
(Hatch and Friedman-Jimenez, 1991). Some examples of indicators include
decrease in CD4 lymphocytes in HIV-infected persons (Detels et al., 1987),
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expression of p300 in bladder cells in people at risk of bladder cancer (Rao
etal., 1991}, elevated levels of lipoprotein Lp(a) in persons at risk for cardio-
vascular disease (Murai et al., 1986), and various sperm parameters in indi-
viduals at risk of reduced fertility (Bostofte et al., 1988).

The ability to identify prodromal events expands the pool of potential
“cases” for epidemiologic studies (Hattis, 1988). It permits studies of inter-
ventions that can have impact on the group being studied as well as on the
individuals to whom the results can be generalized (Cullen, 1989; Greenwald
etal., 1990).

Reduction of Misclassification of Variables

Misclassification of exposure and disease variables is a major weakness of A~
epidemiologic studies (Rothman, 1986; Hogue and Brewster, 1988). Better
classification of exposure than that achieved using historical characteristics
and measurements may be accomplished by assessing markers of internal
and biologically effective doses (Hogue and Brewster, 1988; Hulka and Wil-
cosky, 1988; Landrigan, 1988; Schulte, 1989). More homogeneous disease
groupings can be defined using markers of effect such as specific mutations
indicative of exposure (mutational spectra) (Shields and Harris, 1991). The
validity and precision of point estimates may be increased as misclassifica-
tions are reduced.

Indication of Mechanisms

Delineating a continuum of events between exposure and disease provides .
opportunities for insight into the mechanism of action (Vogelstein et al.,
1988). Much epidemiologic research has been based on theorization about
mechanisms, or at least some prior speculation that exposure and outcome
are related. Molecular epidemiologic approaches facilitate testing the asso-
ciation between mechanistic events in a defined continuum (Ehrenberg,
1974; Harris et al., 1987; Hatch and Stein, 1987; Perera, 1987b; Schulte,
1989; Harris C. C., 1991; Hatch and Friedman-Jimenez, 1991). Knowledge
of the mechanism can guide future research and intervention applications.

Accounting for Variability and Effect Modification

Perhaps one of the greatest contributions of molecular epidemiology is the
ability to discern the role of host factors, particularly genetic factors, in ac-
counting for variation in response (Omenn, 1982; Cartwright et al., 1982;
Rajput-Williams et al., 1988; Kuller, 1991, Shields and Harris, 1991; Wet-
mur et al., 1991; van Noord, 1992). Why similarly exposed people do not
get the same diseases is a target question for molecular epidemiology. In most
disease systems, susceptibility markers are being identified and evaluated. X
These markers can be incorporated into epidemiologic models as effect mod-
ifiers (Hulka et al., 1990).
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Enhanced Individual and Group Risk Assessments

The use of epidemiologic data to provide individual and group risk assess-
ments is well established (Paul, 1930; Truett et al., 1967). For example, in-
dividual risk functions have played a strong role in cardiovascular disease
research and control (Truett et al,, 1967), in pulmonary and occupational
medicine (Ingram and McFadden, 1981), in infectious disease control (Paul,
1930}, and in genetic epidemiology and counseling (Ahearn and Hochberg,
1988). Molecular epidemiology can enhance individual and group risk as-
sessments by providing more person-specific information, allowing extrapo-
lation of risk from one group to another, from animal species to humans,
and from groups to individuals (Perera, 1987a; Harris et al., 1987; Alavanja
et al., 1987; Harris, 1991; Shields and Harris, 1991). The “parallelogram
approach” used in genetic toxicology is a model for animal-to-human ex-
trapolation (Sobels, 1982). A marker appropriate to both species (animal
and human) that can be related to exposure—disease relationships in the ani-
mal can serve as the basis for predicting effects in exposed humans. Similarly,
extrapolation from group to group, group to individual, or individual to
group follows the same general model (see examples in Figures 1.3 and 1.4).
Identification of a detailed continuum of events between an exposure and
disease, coupled with covariates of the event variables in multivariate models,

Exposure
|
Blood Target Tissue (cell)
rgc serum wbe
(A y
Adducts - Adducts
Gl VL y
Cytogenetic Cytogenetic
Endpoints Endpoints
Cell Clonal Cell Clonal
Expansion Expansion
Mutational Mutational
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HPRT, HLA ras, p53
Exposure Assessment
Disease Risk

FIGURE 1.3 Exposure assessment paradigm for linking carcinogen-macromolecular ad-
ducts, cytogenetic aberrations and mutational spectra. Gl, gastrointestinal tract. (Reprinted
with permission from C. C. Harris, 1991, copyright CRC Press, Inc.)
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permits the calculation of individual risk functions. (See Truett et al., 1967,
for an example using serum lipid biomarkers and cardiovascular disease risk
functions.) Molecular markers can heighten the specificity of these functions
and allow reduced confidence intervals around estimates. Not only is it now
possible to say that a middle-aged man with heart disease and a cholesterol
level above 240 mg/dl will have a one-in-five chance of dying from a heart
attack within 10 years; it may soon be possible to indicate which man that
will be (Begley et al., 1991).

1 ppm-hr/week EXPOSURE

Dose in target DOSE (D) = [RX](t}dy

cells {mmol/liter) RX = ethylene oxide
Alkylation of BIOLOGICALLY EFFECTIVE

hemoglobin DOSE = d[RYl/dy = k,” « [RX][Y"]
(nmol/gHb) RY = hydroxyetbyl hemoglobin adducts
Mutation BIOLOGIC

frequency EFFECT < [RY,_,)/IY ™,

l

Assessment of the degree of alkylation
that is associated with the same response
as a unit dose of radiation

1rad & [RY,)/[¥ . = 1 x 107

y

DeK,_,+1 x 10" 77 f rad - equiv.
3 cases of leukemia / 10" person-ppm hr

RISK

FIGURE 1.4 Example of risk assessment of workers exposed to ethylene oxide at a Swedish
plant. (Adapted from Osterman-Golkar and Bergmark, 1988, and Ehrenberg et al., 1980.)
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Some readers may view the term “molecular epidemiology” as an oxy-
moron. Epidemiology is the study of health effects in groups of people. “Mo-
lecular” and “cellular” indicate assessment of the individual at the compo-
nent level. Epidemiology relies on observation and inference of associations
between variables. Molecular and cellular sciences use experimental proof of
cause and effect. Despite these different scopes, scales, and approaches, mo-
lecular sciences and epidemiology are compatible, if not inevitably linked
(Kuller, 1991). There is a historical basis for such a link, as well as a concep-
tual and epistemological framework for epidemiologic research that incor-
porates biologic measurements of human processes (Paul, 1958; Paul and
White, 1973; Kilbourne, 1979; Feinstein, 1991).

In a sense, molecular epidemiology is a signpost that flags the need to
incorporate an understanding of biologic phenomena at the physiologic, cel-
lular, and molecular levels into epidemiologic research (Fig. 1.5). Epidemi-
ologists long have used biologic markers (e.g., antibody titers, serum lip-
ids, blood lead). However, in the past when high “exposures™ and single
outcomes were more prevalent and frequent, epidemiologists argued that
knowledge of associations was more useful than understanding the mecha-
nisms, since prevention through control of exposures was often feasible even
in the absence of understanding cellular processes. (Snow, 1855; Maclure
and MacMahon, 1980; Hatch and Stein, 1987). Previous success in public
health led to the identification of the major single or primary cause of dis-
eases. Today, exposures are often smaller and mixed; understanding mecha-
nisms could be more important in determining appropriate intervention
strategies. The health conditions of interest today are multicausal; to inves-
tigate them requires a wide array of disciplines.

If molecular epidemiology has characteristics of a field or speciality, they
are its hybrid interdisciplinary qualities. This new specialty requires atten-
tion to new organizational and educational structures and adherence to prin-
ciples and practices derived from both its molecular biology and epidemi-
ology roots. Molecular epidemiology is not a fundamental departure from
the past, but an evolutionary step. In this chapter, I trace the conceptual and
historical development of the “field” of molecular epidemiology.

The goal of molecular epidemiology should be to supplement and inte-
grate, not to replace, existing methods. Molecular epidemiology is also a
heuristic term used to describe an enhanced capability of epidemiology to
understand disease in terms of the interaction of environment and heredity.
Although this practice too has been part of the epidemiologic tradition, it
generally has been confined to the specialty area of “genetic epidemiology.”

Researchers easily can become arrogant in the face of the potential that
molecular epidemiology offers. Believing that merely making molecular mea-
surements leads to enhanced understanding of biologic phenomena is tempt-
ing. However, this is not always true and can be misleading, because such a
reductionist approach fails to pay attention to the social and cultural char-
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FIGURE 1.5 Component levels of molecular epidemiologic research: The example of cancer.
Biologic measurements of individuals and their components, as independent and dependent
variables, have a long history of use in epidemiology. The current generation of measurements
can be made at the molecular level. (Figure courtesy of John D. Potter.)

acteristics of human populations and to the impact that this type of research
has at the population level. Ultimately, research at both the “micro” and the
“macro” level is necessary.

Strengths and Limitations of Observational Epidemiology

Epidemiology is the study of the distribution and determinants of health-
related states and events in populations and the application of the results of
this study to control health problems (Last, 1988). The focus of epidemi-
ology is the group rather than the individual; understanding is gained
through inferences drawn from observations within and among groups. Cau-
sation is inferred rather than proved. The strengths and weaknesses of epi-
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demiology derive from the field’s primary goal: identification and control of
the causes of human diseases. The strength of epidemiology is that it does not
require extrapolation from other species or laboratory experiments. The
weakness of the field stems from ethical constraints imposed on human ex-
perimentation and, thus, the requirement to study human disease in its natu-
ral state. The epidemiologic study of “free living” humans is more problem-
atic than the study of controlled animals. Factors such as history, geography,
social characteristics, and status are exceedingly powerful predictors of the
health of human populations. Whereas laboratory animals are usually ge-
netically homogeneous and live in controlled conditions, humans are geneni-
cally heterogeneous and live in diverse conditions. In short, because of the
subject, all major methods of epidemiology (except for clinical trials) are es-
sentially observational and nonexperimental. Drawing inferences about cau-
sation from observational studies is considerably more difficult than drawing
them from experiments that use random samples and controls [National
Academy of Sciences (NAS), 1991b].

Much of epidemiology has been essentially ecologic (Hogue and Brew-
ster, 1988; Hulka and Wilcosky, 1988). Often an individual is assigned the
characteristics of a group; categorical descriptors are used to assess risk fac-
tors and health status. These descriptors range from dichotomous character-
izations (exposed or not; diseased or not) to more quantitative representa-
tions of categories (high, medium, or low exposure). Analytic epidemiology
uses measurements made on each subject or applies some specific criterion
to classify subjects. In many instances, these measurements are surrogates,
for example, measures of ambient air exposure for dose or measures of symp-
toms in lieu of underlying disease. In general, in epidemiology the group is
the unit of comparison.

The epidemiologic approach has been highly successful and is the cor-
nerstone of public health. From John Snow’s (1855) assessment and control
of the cholera epidemic in London to the understanding of the role of envi-
ronmental factors in cancer and cardiovascular disease, epidemiology has
contributed to finding causes and remedies. Despite these contributions, epi-
demiology has been limited by its fundamental conceptual and technical
characteristics. Ecologic characterization of variables has hindered the epi-
demiologic approach in addressing the interdependence of multiple agents
and variations in susceptibility that lead to disease. Epidemiology is also lim-
ited in its ability to classify individuals into exposure categories (misclassifi-
cation), to identify mechanisms of action, and to detect disease at a time in
its natural history when intervention in the study population or in other pre-
clinical populations would be most effective (Higginson 1977b; Hogue and
Brewster, 1988; Hulka and Wilcosky, 1988).

Emerging abilities to assess exposure and disease at the cellular and mo-
lecular levels are promising supplements to traditional epidemiology. Instead
of characterizing groups solely by geographic location, job title, or question-
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naire-derived history, it is possible to measure dose by collecting biologic
specimens and assessing xenobiotic interactions with biologic sites and mole-
cules (Schulte 1987, 1989; Rogan, 1988; Hoffman et al., 1991). At the other
end of the spectrum, instead of making comparisons of cases of frank disease
with controls, it will be possible to make assessments based on preclinical
events such as abnormal DNA content (Hemstreet et al., 1988) or oncogene
alteration (Shields and Harris, 1991), once these end points are established
as predictive of clinical disease (Rogan, 1988). Additionally, molecular meth-
ods make it possible to distinguish subtypes of clinical disease that have po-
tentially different etiologies (Hollstein et al., 1991; Taylor et al., 1992).

A long-observed weakness of epidemiology is its limited ability to ad-
dress host factors that contribute to variable responses (Rose, 1990). Why
similarly exposed people do not all acquire the same disease is a difficult
question. Certainly, gross categories of host factors, such as age, race, and
sex, are controlled routinely in epidemiologic studies. However, genetic fac-
tors generally have been considered to a lesser extent than environmental
factors. Evaluation of gene~environment interactions has been minimal. “In
the past epidemiologists tended to favor a ‘black box’ approach to their
work: they have measured inputs from external agents and from suscepti-
bility factors and disease outcomes; but they have not been concerned with
explaining how the two come to be related” (Rose, 1990).

Molecular epidemiology is not just a term that describes adding new
techniques to epidemiology. Rather, it represents an opportunity to use new
resolving powers to develop theories of disease causation that acknowledge
complex interactions involved in the health—disease process. Considering
disease at the molecular level without confronting the other events, such as
genetic differences and competing biochemical processes, that occur at the
molecular level is not sufficient. The question addressed in this volume is how
to integrate these molecular biologic capabilities—measurements made in
individuals—into a science that uses comparisons of groups to find causes of
disease and opportunities for health protection.

Molecular Epidemiology—The Use of Biologic Markers
in Epidemiologic Research

Definitions

Events in the Continuum between Exposure and Disease

A functional definition of molecular epidemiology is the use of biologic
markers or biologic measurements in epidemiologic research. Biologic mark-
ers (or biomarkers) generally include biochemical, molecular, genetic, im-
munologic, or physiologic signals of events in biologic systems (NRC, 1987).
The events represented can be depicted as parts of a continuum between a
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causal initiating event (sometimes an exposure to a xenobiotic substance) .
and resultant disease. By definition, a continuum is a whole, no part of which
can be distinguished from neighboring parts except by arbitrary divisions
(The American Heritage Dictionary, 1976). Thus, it is important to remem-
ber that the various heuristic components of the continuum shown in Fig. 1.2
are arbitrary.

The proposed continuum between exposure and disease has been de-
scribed in a number of reports (Perera and Weinstein, 1982; Hatch and Stein,
1987; NRC, 1987; Perera 1987a,b; Schulte, 1989) and is shown in Figure
1.2. Between exposure (E) in the environment and the development of clini-
cal disease (CD), four generic component classes of biologic markers have
been identified: the internal dose (ID), the biologically effective dose (BED),
early biologic effects (EBE), and altered structure and function (ASF). Clini-
cal disease can be represented not only by biologic markers for the current
disease but also by markers for prognostic significance (PS). Each marker
represents an event in the continuum. The relationships among the markers
are influenced by various factors (such as genetic or other host characteris-
tics) that reflect susceptibility to any of the events in the continuum. These
indicators for susceptibility also can be represented by markers.

Definition of all the marker events has been elaborated elsewhere (NRC,
1987; Hulka and Wilcosky, 1988) but is summarized briefly here. The con-
tinuum between cigarette smoking and lung cancer serves as illustration. ID
is the amount of a xenobiotic substance or its metabolites found in a biclogic
medium (e.g., serum cotinine as an indicator of nicotine). The BED is the
amount of that xenobiotic material that interacts with critical subcellular,
cellular, and tissue targets, or with an established surrogate tissue (e.g., DNA
adducts in peripheral lymphocytes). The BED represents the' integration of
exposure and effect modification by the host. A marker EBE (e.g., sister chro-
matid exchange) represents an event correlated with, and possibly predictive
of, health impairment. Altered structure or function (e.g., abnormal sputum
cytology) and DNA hyperploidy are precursor biologic changes that are
more closely related to the development of disease. Markers of CD (e.g.,
tumor-associated antigen) and of PS (e.g., tumor markers such as CA-125)
show the presence or future development of disease, respectively. Markers of
susceptibility are indicators of increased (or decreased) risk for any compo-
nent in the continuum [e.g., extensive debrisoquine metabolizers are at 4- to
6-fold increased risk for lung cancer (Ayesh et al., 1984)].

Relationship between a Marker and the Event It Marks

When considering how biologic markers can be used in epidemiologic
research, it is useful to reflect on the nature of the relationship between the
marker and the event it marks (Lucier and Thompson, 1987). The semantics
of describing a marker in this regard are confusing. Does the marker repre-
sent an event, is it an event itself, is it a correlate of the event, or is it a predic-
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tor of the event? The answers to these questions may affect who is sampled,
how and when they are sampled, and what confounders or effect modifiers
are considered. For example, the HPRT gene mutation may be used as a sur-
rogate for other target genes (such as mutated p53 gene) that may be involved
in the development of cancer; a hemoglobin adduct, although highly corre-
lated with recent exposures to aklylating agents such as ethylene oxide, may
not represent exposures that occur years prior to the collection of a blood
specimen, since the dosimetric capacity of the hemoglobin is related to the
four-month life of the erythrocyte. Thus, a biologic marker often refers to the
use made of a piece of biologic information rather than to a specific type of
information (Henderson et al., 1989).

Is a marker different from a test or an assay? Often, biologic markers
and tests or assays for a marker are considered the same because, without
the assay, the marker cannot be demonstrated. Strictly speaking, they are
different and care should be taken not to gloss over the differences. Analyti-
cally, a test or assay is said to be valid if it performs “truthfully” in the pres-
ence or absence of a marker. The attributes of a test are not necessarily those
of the marker. The marker’s attributes may pertain to its nature and natural
history. A marker may exist although no assay is sensitive enough to detect
it. The measurements of a marker involves differentiation of a signal above
background noise. A test that has a large signal-to-noise ratio is considered
a good test. The signal-to-noise ratio is not generally a set point, but a curve
showing the ratio under different conditions. Ultimately, characteristics of
the test conditions, the marker, or both may determine the signal-to-noise
ratio. These issues are discussed further in Chapters 3 and 4.

Organizational Aspects

Molecular epidemiologic studies require interdisciplinary collaboration be-
tween population and field scientists (such as epidemiologists, statisticians,
industrial hygienists, exposure assessors, and clinicians) and laboratory
scientists from disciplines such as molecular biology, genetics, immunol-
ogy, biochemistry, pathology, and clinical and analytical chemistry. Inter-
disciplinary collaboration is not new to epidemiology, but the level and ex-
tent of diversity of disciplines that molecular epidemiology will require is
unprecedented.

Collaboration requires attention to the underlying assumptions, para-
digms, and languages of various disciplines as well as to issues of the institu-
tional context of research (Stein and Jessop, 1988). Every discipline uses as-
sumptions and paradigms to approach a research question. Often these
conventions are so fundamental and integrated that investigators may not be
conscious of them and, hence, rarely recognize them or make them explicit
when interacting with members of other disciplines (Stein and Jessop, 1988).
Problems in collaborative research can occur when these fundamentals are
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not shared. Epidemiologists generally speak in terms of groups and risks to
groups. Laboratory scientists tend to focus on individuals or components of
an individual. Different disciplines may use common terms in very different
" ways. Words such as “sensitivity,” “small,” “valid,” “normal,” “bias,” and
“epidemiology” may have different meanings in various disciplines. Too of-
ten, the differences may be subtle, for example, understanding of the term
“sensitivity.” To the laboratory scientist, it refers to the extent to which an
assay is capable of detecting a particular marker at some concentration. To
an epidemiologist, the same word means the extent to which people with a
marker respond positively on a test.

In addition to conceptual and language barriers, interdisciplinary col-
laboration often may have administrative barriers (Feinstein, 1991). If a
study involves disciplines in two or more academic or organizational depart-
ments, several questions might arise that must be answered clearly. Which
department is in charge? On whose books is the project accounted? To which
journals are papers submitted? Who can access which data? Who is the first
author? What is the priority for additional assays on specimens? Many ad-
ministrative difficulties can be avoided if good communication is established
from the outset. Effective collaborative work requires mutual commitment
to the value of the work, respect for what each participant can offer, intellec-
tual flexibility, tact, patience, and persistence (Stein and Jessop, 1988).

Protocols for molecular epidemiologic studies often differ from tradi-
tional epidemiology, not only in the interdisciplinary nature of the research,
but also in the need or desire to maintain flexibility to amend the proto-
col or study to include discovery of new markers. This variability is best
handled by anticipating such possibilities, by including references to such
changes in informed consent documents, and by processing and storing
samples appropriately.

Crucial to the use of biologic markers in human populations is the re-
quirement that biologic markers be validated adequately before their deploy-
ment in hypothesis testing studies {Rogan, 1988). The term “validated” not
only has different meanings for the laboratory and population scientists, but
also leads to different approaches to validation (see Chapters 3 and 4). There-
fore, consistent guidelines for validating markers at the laboratory and the
field levels are essential. Laboratory validation requires assessing the ade-
quacy and accuracy of assays. Field validation requires determining the
population variability and predictive value of the assay in terms of the expo-
sure or disease of interest.

An organizational model for conducting molecular epidemiologic stud-
ies is shown in Figure 1.6. Critical in these types of studies are the need for
specialists in study design and for subject selection, exposure assessment,
and marker assay development to be integrated in all aspects of the work.
The amount of data generated is generally much greater than in a classic
epidemiologic study because, in addition to questionnaires and recorded
data common to both, data are accumulated from biologic specimen analy-
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FIGURE 1.6 Project teams required for conducting interdisciplinary molecular epidemiologic
studies. (Adapted from Everson, 1989.)

sis. For example, a study of 30 mortuary science students thart assessed cyto-
genetic effects and DNA repair caused by formaldehyde exposure required
1800 slides and generated more than 3600 data points (Suruda et al., 1992).
Some of these data came from questionnaires and some from biologic
measurements.

The organizational model in Figure 1.6 pertains to studies for validating
or using biologic markers. Validation studies require a similar effort as field
studies but contain certain differences that may involve animal or in vitro
research. Validation often requires large, prospective population-based stud-
ies that are costly, time consuming, and resource intensive. Prior to such stud-
ies, small-scale pilot studies should be made. Pilot studies can provide esti-
mates of assay variability and interindividual variability that are necessary
for power calculations. The field of molecular epidemiology has been char-
acterized by pilot studies in highly exposed or high-risk groups or in patient
series. Based on the findings of these studies, larger studies in general groups
are considered. (See Chapter 6 for a typology of molecular epidemiologic
studies.)

Many problems are attendant to developing a marker assay for use in
epidemiologic studies. One problem is the difficulty of transforming research
tools and research laboratories into productive facilities capable of handling
large numbers of specimens in a cost-effective and timely manner. Other
challenges include testing for dose response, marker persistence, correlation
with other markers, inter- and intraperson variation, and correlation with
clinical responses.

As new and more reliable assays are developed, scientists wiil be pres-
sured to use them to replace previous assays. When a marker assay is new,
measurements may differ from those in previous assays for the same marker.
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Although it may be reasonable to wait until laboratory techniques and esti-
mates of variability display consistency, it is not reasonable or feasible to wait
until a technique is so standard that no refinement of it is likely to occur.
Pressure to use the new technique also promotes assessment of comparability
of old and new results and, uitimately, making adjustments or corrections. A
good balance must be achieved between old and new approaches. In some
cases, employing both techniques in a study may be useful.

Molecular epidemiology also requires paying attention to the collection,
handling, and storage of biologic specimens (see Chapter 8). Specimens must
be stored to be usable for analyses not yet developed in addition to currently
known analyses. The actual collection of biologic specimens also may require
attention to timing, so specimens are collected when the influence of factors
such as therapeutic treatments will be minimal. For example, a study of the
role of oncogenes and colon cancer will be more informative if specimens are
collected before DNA-altering chemotherapy or radiation is administered.
Other “new” issues also arise, such as how to address the difficulty of obtain-
ing biologic specimens from controls. For example, in a case-control study
of colon cancer, how can usable colon specimens be obtained from controls?

Use of markers of susceptibility also may have a great impact on the
organization and conduct of molecular epidemiologic research. Biologic
monitoring data derived from molecular epidemiologic studies are likely to
be sought by a diversity of societal groups ranging from insurers and employ-
ers to potential mates. The possibility that individual markers can predict
future characteristics and outcomes makes them a target of interest. The use
of susceptibility markers will be required increasingly in molecular epidemio-
logic studies that assess exposure or effects at the DNA level, since effect
modification or confounding caused by inherited or other nonstudy factors
can influence associations under study. The analysis of biologic marker data
may create new obligations for researchers that were not present in tradi-
tional epidemiology (Schulte, 1991). What is the responsibility for follow-up
of “abnormal” results, how will individuals with these results be treated, and
what will be done if other pathologic conditions are observed (see Chap-
ter 9)?

The use of biologic markers of effect that permit focus on and detection
of preclinical and extremely early disease also raises questions about the true
preventability and treatability of these conditions (Yach, 1990). At present,
insufficient information is available to determine whether particular levels of
a certain biologic marker reflect normal ranges of that marker in a person
over time or whether they reflect early stages of a preventable disease (Yach,
1990). Researchers currently face this challenge.

Finally, from an organizational viewpoint, epidemiologists may poten-
tially be polarized into two worlds: one of molecular epidemiologists who
emphasize the molecular and genetic causes of disease and the other of social
epidemiologists who stress the role of social, psychological, and economic
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factors in health. Neither approach alone will satisfactorily address the
health issues of the current era. History has shown that complete reliance on
reductionist approaches is antithetical to public health, yet failure to use the
powerful tools available also will not safeguard public health. A synthesis of
the two approaches is needed that can address the entire scope of health is-
sues {Yach, 1990).

Historic Contributions to Molecular Epidemiology

If molecular epidemiology can be described as the use of biologic markers
and measurements in epidemiologic research, then the historic contributions
to this approach come from those disciplines that have made advances in
relating biologic measurements to health and disease. The principles and
practices discussed in this volume and other publications on the topic (Hulka
et al., 1990; Gledhill and Mauro, 1990; Garner et al., 1991; Groopman and
Skipper, 1991) build on a rich and diverse history of biologic measurements.
Many of the current troubling issues facing molecular epidemiology were
encountered when the tools leading to molecular epidemiology were devel-
oped. Although not entirely exhaustive, the list of some disciplines that have
contributed to molecular epidemiology include bacteriology, immunology,
and infectious disease epidemiology; pathology and clinical chemistry; car-
cinogenesis and oncology; occupational medicine and toxicology; cardiovas-
cular epidemiology; genetics, molecular biology, and genetic epidemiology;
and traditional epidemiology and biostatistics. In these disciplines, the tech-
niques and building blocks of molecular epidemiology have their history.

Bacteriology, Immunology, and Infectious Disease Epidemiology

The first consideration of cellular biomarkers in medical research appeared
in the study of infectious disease. Even before the development of the micro-
scope, Italian physician Girolamo Fracastoro wrote in 1546 that the “seeds”
or germs of contagious diseases were carried from person to person (cited in
Clendening, 1942). This speculation later was confirmed, after the develop-
ment of the microscope by Van Leeuwenhoek (1632-1723) and the conclu-
sion by Schwann in 1839 that the cell was the fundamental unit of living
matter (cited in Venzmer, 1968). Subsequently, Pasteur, Koch, Gram, Von
Pettenkofer, and others in the late 1800s began to isolate specific organisms
responsible for disease. The detection of bacteria in biologic specimens indi-
cated exposure or disease (depending on the study). Inmunology was built
on the use of biologic markers indicative of exposure, effect, or susceptibility.
In contrast to bacteriology, in which bacteria were “markers for themselves,”
immunologists used indirect markers indicative of infection, for example,
white cell counts and antibody titers. In the 1920s, epidemiologists found a
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way to use these biomarkers to address the difficult problem of measuring
degrees of susceptibility and resistance to disease in the human host (Paul
and White, 1973). Before this time, resistance and susceptibility were identi-
fied by asking the patient or family whether he had experienced various com-
mon contagious diseases. However, with advances such as the Schick and
tuberculin skin tests, a method was found that made use of a biologic marker
to assess exposure and susceptibility in individuals or groups.

Frost’s (1928) work in New York City and Baltimore was among the
earliest to use biomarkers to identify age-specific immunity patterns. The use
of serologic tests, such as the Wassermann test for syphilis in segments of
urban populations in Baltimore in the 1920s, signaled the beginning of one
of the earliest precursors to molecular epidemiology, “seroepidemiology”
(Williams, 1920). A classic example was the work of Aycock and Kramer
(1930), which showed a rural-urban difference in both diphtheria and polio-
myelitis using skin and serum biomarkers, leading to the conclusion that
both infections were spread by close human contact. The term “serological
epidemiology” is attributed to John Paul in 1935, who was instrumental in
the development and use of serum surveys in epidemiology (White, 1973).
Paul identified issues and applications of seriologic epidemiology that fore-
shadowed what accompanies the current problems and issues in molecular
epidemiology. These issues include attention to selecting an appropriate
sample group in a population; determination of sample size; storage and han-
dling of specimens; and development of longitudinal studies.

Other contributions to molecular epidemiology are assays that take ad-
vantage of immunologic binding and specificity. The introduction of the ra-
dioimmunoassay (Yalow and Berson, 1960) is considered one of the most
important advances in biologic measurement {(Chard, 1990). The immuno-
assay is a major tool of molecular epidemiology. Much of the work detecting
the interaction of xenobiotics and macromolecules such as DNA and RNA
involves immunoassay methods. This type of assessment has become known
as “molecular dosimetry” (Perera, 1987a) or “biological dosimetry” (Men-
delsohn, 1991). The approach seeks to focus on the biologically effective
dose by measuring the bound xenobiotics.

The term “molecular epidemiology” may have been used first in modern
infectious disease research. In the early 1970s, the term appeared in a number
of papers, Kilbourne (1973) published The Molecular Epidemiology of In-
fluenza. Subsequently, occasional papers were published in the infectious dis-
ease literature; among the earliest were Pereira et al. (1976), Kilbourne
(1979), Pappenheimer and Murphy (1983), and Follett (1984).

Kilbourne described the approach as involving molecular determinants
of epidemiologic events and used influenza to illustrate the approach. (See
Figure 1.7 for the level of detail and specificity the molecular approach pro-
vided.) The rationale for such an approach also has been described by Balay-
eva in relation to rickettsiae: “Conventional serological and biological tech-
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niques for characterizing rickettsiae do not seem to be capable of providing
answers to all the ecological and epidemiological questions surrounding
these organisms. New techniques for identification and epidemiological as-
sessment are required” (Balayeva, 1989).

Pathology and Clinical Chemistry

A century ago, Virchow (1821-1902) foreshadowed what contemporary
molecular epidemiology could be by relating clinical disease to cellular pa-
thology (Virchow, 1858). Subsequently, understanding of the cellular basis
for disease grew and cellular changes were characterized according to
whether they indicated homeostasis, normal variations, or pathogenesis.

Many of the basic principles for the practice of molecular epidemiology
are derived from the discipline of clinical chemistry, which comprises the de-
velopment and performance of specific chemical analyses for diagnostic pur-
poses. Clinical chemistry cannot be sharply separated from the related sci-
ences of pathology, hematology, immunology, and bacteriology (Richterich,
1969). Modern clinical chemistry can be traced back to 1850, when mea-
surements of serum electrolytes were used to distinguish cholera patients
from healthy individuals during an epidemic (Schmidt, 1850). However, at
that time these measurements were not considered to be of any pathogenic,
diagnostic, or therapeutic value. More than 50 years elapsed before electro-
lyte measurements were considered significant in the field of pediatrics (Rich-
terich, 1969). As clinical chemistry evolved, the fundamental principles of
“range of normal,” individual variation, sensitivity, and specificity of a test
were developed. These principles are part of the foundation of molecular epi-
demiology. To this end, the classic work of Vecchio (1966), Predictive value
of a single diagnostic test in unselected populations, and that of Galen and
Gambino (1975), Beyond Normality: The Predictive Value and Efficiency of
Medical Diagnoses, are significant because they provide a quantitative ap-
proach to assessing validity. Interestingly, the development of the work of
Galen and Gambino, two clinical pathologists, was influenced by the epide-
miologist Mervyn Susser.? Susser presented the concepts of sensitivity, speci-
ficity, and predictive value; Vecchio, and Galen and Gambino applied these
concepts to clinical laboratory data.

Quantitative methods in pathology have a long history that contributes
directly to molecular epidemiology. In the late 1800s and early 1900s, the
many hypotheses of cancer causation relied on identifying quantitative
changes in chromosomes in cancer cells (Baak and Tosi, 1991). The begin-
ning of modern cytometry often is dated to the early 1930s when Caspersson
and colleagues showed that proteins and nucleic acids in epithelial tumor
cells differed from those in normal cells (see Caspersson and Zech, 1972).

2In 1972, Galen attended an epidemiology seminar led by Professor Mervyn Susser, who de-
scribed the terms “sensitivity,” “specific,” and “predictive value.”



1 A Conceptual and Historical Framework for Molecular Epidemiology 23

Automation and quantitative analysis of DNA, cell surface receptors, and
other markers is now a major tool in many branches of medicine {Anderson
et al., 1984; Koss, 1987).

Carcinogenesis and Oncology

Environmental Carcinogenesis

The study of environmental carcinogenesis, whether caused by chemical,
biologic, or physical agents, has contributed some of the broad concepts that
form the foundation of molecular epidemiology. The understanding of can-
cer as a multistage process (Berenblum and Shubik, 1949) and the efforts to
find tumor markers provided the background for the concept of a continuum
of events between a xenobiotic exposure and a resultant disease. The two-
stage and multistage models of chemical carcinogenesis were based on the
work of Rous and Kidd (1941) and expanded by Berenblum and colleagues
{1949). These models provided a framework within which to explain the
temporal continuum between a chemical exposure and development of a
cancer. Such models, coupled with an increased understanding of the natural
history of cancer, presage current thinking about cancer biomarkers.

In 1958, Foulds described the natural history of cancer by suggesting
that the biologic properties and behaviors of neoplastic cells during progres-
sion are determined by numerous “unit characteristics” such as growth rate,
histologic type, responsiveness to hormones, and invasiveness. Beginning in
the late 1960s, Ehrenberg (1974), Calleman et al. (1978), Ostermann-
Golkar (1983), and colleagues have contributed to an understanding of the
components of the continuum between exposure to electrophilic carcinogens
and cancer. These investigators have demonstrated how the dose of geno-
toxic agents can be assessed by measuring the products of their covalent
bonds to hemoglobin and DNA, a process known as molecular or biologic
dosimetry. Subsequently, the researchers compared the alkylation effect of a
dose of a genotoxic chemical to the known alkylation effect of radiation and
using these “rad equivalents,” performed risk assessments for leukemia in
workers exposed to those chemicals.

Other insights into the continuum of events between exposure and dis-
ease came from the field of radiation carcinogenesis. In this area, indicators
of dose and markers of early biologic effects were used to predict health out-
comes (Beebe et al., 1978). The concepts of “internal dose” and “biologically
effective dose”) were developed in the area of radiation carcinogenesis {Gled-
hill and Mauro, 1990). The assessment of biologic effects, specifically muta-
tions, in animal and human populations exposed to radiation used biologic
markers of metabolic phenotypes, karyotypic differences, and gene re-
arrangements. The term “mutational epidemiology” was applied to these
uses of biomarkers, first with radiation and later with mutagenic chemicals

(Miller, 1983).
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More recent history of molecular epidemiology can be traced to efforts
in the 1970s and 1980s to address environmental carcinogensis. Wynder and
Reddy (1974) are credited with using the term “metabolic epidemiology” to
describe the incorporation of measurements of bile acids and cholesterol into
epidemiologic studies to assess the role of diet in colon cancer. Later, the term
“biochemical epidemiology” was used to describe testing of the molecular
hypotheses at the clinical and population levels (Harris et al., 1985). For
example, whereas it was once common to identify individuals at high risk of
cancer due to lifestyle or occupation, the susceptible individual now may be
identified at the molecular level for some cancers. Qutside the reaim of infec-
tious disease, the use of the term “molecular epidemiology” has been as-
cribed to Higginson (1977) in his paper, “The role of the pathologist in en-
vironmental research and public health.” However, seminal thinking in this
area was found in the work of Lower (Lower et al., 1979; and Lower, 1982)
and Perera and Weinstein (1982). Lower’s work addressed the interaction
between exposure to a carcinogen and metabolic phenotypes. He described
an interdisciplinary approach to molecular epidemiologic research. The
work of Perera and Weinstein (1982) demonstrated in detail the potential for
the use of biologic markers of dose to provide a more accurate appraisal of
exposure than ecologic descriptors can. Perera and Weinstein (1982) first
used the term “molecular cancer epidemiology” to describe this approach.
They discussed carcinogen-DNA adducts measured by highly sensitive an-
tibodies as examples of promising markers in studies of environmental car-
cinogenesis. They concluded that adduct formation ultimately might be use-
ful in identifying individuals at high risk of cancer.

Tumor Markers

One of the clearest historical precursors of the use of biologic markers
was the quest to discover cancer at an early and intervenable stage. In the
early 1930s, Zondek (1942) considered using human chorionic gonadotro-
pin in body fluids to diagnose tumors of gestational and germ cell origin. The
term “markers,” as in “tumor markers,” has been used widely in oncology
and cancer research. The search for a tumor marker or test that would detect
all or most forms of cancer was based on the supposition that neoplasia in
all its many forms results in a unique change, either in a component of body
fluids or in a host response phenomenon (Bagshawe, 1983). No such marker
has been found. However, numerous markers are used routinely as part of
the process to diagnose or confirm a diagnosis for specific cancer types. These
include, for example, carcinoembryonic antigen (CEA) for gastrointestinal
tumors, serum acid phosphatase for carcinoma of the prostate, S-hydroxy
indoleacetic acid in the urine for carcinoid tumors, a-fetoprotein for liver
cancer, and thyrocalcitonin for modular carcinoma of the thyroid (Ghosh
and Rob, 1987; Klee and Go, 1987). The introduction in 1975 of mono-
clonal antibody technology revolutionized serologic and biochemical analy-
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sis by allowing the development of sensitive and specific probes of human
cancer (Wright and Cox, 1987). Tumor markers have been considered for
use in screening, diagnosing, staging, and monitoring treatment and recur-
rence of disease and in determining the efficacy of specific forms of therapy.
From an epidemiologic viewpoint, most of the studies of tumor markers have
focused on efforts to validate whether a marker indicates a diagnosis of can-
cer and whether the predictive value of a positive test was sufficient to render
a cost-effective method for screening the general population.

A great lesson for molecular epidemiologists can be learned from the
history of the quest for tumor markers. As one reviewer noted, “. . . it is not
uncommon for scientists to tumble on some phenomenon that appears to
distinguish patients with cancer from other people and before long the sci-
entist is liable to be carried along on a wave of blind conviction and messianic
fervour” (Bagshawe, 1983). The lesson is that some of the papers that report
on a “cancer test” provide inadequate technical information; early studies
may have included researchers not blinded to the ultimate disease status of
the subject or a host of other factors that can fool an investigator. Critical
evaluation of the initial milieu in which a marker was identified and devel-
oped is important.

The history of tumor marker research also provides excellent examples
of past attempts to validate a marker and use it in a screening program. Some
of the best examples of early tumor markers have been developed in the fields
of cancer cytology and cytogenetics. Since the conceptualization of the cell
theory by Schwann (1839), researchers have been on a quest for the basic
cellular markers of disease. Cellular changes have been the primary focus of
study for many diseases, particularly cancer. The very definition of cancer is
based on characteristics indicative of loss of cellular growth control. As re-
finements in technology progressed, subcellular markers such as chromoso-
mal changes that could be linked to human cancers were found. In 1972, the
9,22 translocation was identified in chronic myeloid leukemia (Rowley,
1973). To date, at least 70 recurring translocations have been detected in
human malignant cells (Rowley, 1990). Using chromosome aberrations as
markers, genes relevant to the process of malignant transformations have
been located. Ultimately, it has been feasible to measure DNA bases, which
are key to the carcinogenic process. Measurement of the DNA characteristics
in cells build on the work of Feulgen and Rossenbeck (1924), who described
the stain that subsequently proved specific for double-stranded DNA (Koss,
1990). In the 1930s, Caspersson and colleagues began measuring the fluores-
cent intensity of DNA and RNA in cells (Koss, 1990; Baak and Tosi, 1991).
This work was part of the foundation of quantitative methods in pathology
that foreshadowed the measurement of biologic changes as variables in
epidemiology.

The use of Papanicolaou cytology as a marker of preclinical cervical can-
cer demonstrates how a good marker can lead to effective intervention when
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a disease is in a treatable state. The work of Papanicolaou and Traut (1943)
in staining and classifying cells led to this important marker of cancer diag-
nosis. The history of the Pap test provides a lesson in how a new biomarker
may not be used in a timely fashion. Approximately 27 years lapsed between
the development and the adoption of the Pap test. Greenwald (Greenwald et
al., 1990) identified three main reasons for this delay: (1) failure to recognize
and pursue the potential of cervical cytology, (2) lack of clinical trials to
verify the test’s effectiveness, and (3) failure to use screening in those popu-
lation groups at highest risk.

Mautational Spectra

The location and type of mutations in a specific sequence of nucleotides
define a mutational spectrum (Hollstein ez al., 1991). The ability to deter-
mine mutational spectra has been demonstrated in genetic toxicology and
cancer research and may prove to be a major component to molecular epi-
demiology. The discovery of chemical-induced chromosome mutations first
occurred in studies of plants (Oehlkers, 1943; Basler, 1987). More detailed
analysis of mutations occurred when Benzer (1961) first demonstrated the
sequence specificity of spontaneous and induced mutations in the 7II locus
of the bacteriophage T4. Two key observations were made: (1) For a given
agent, several sites in the gene displayed higher mutation frequencies than
others. (2) The distribution of mutations as a function of base-pair position
was different for spontaneous mutations and for mutations induced by a
wide variety of chemicals (Thilly et al., 1982).

From this and other research we have learned that spontaneous and in-
duced mutations are not distributed randomly with respect to type and po-
sition in the genome. Various researchers, including Albertini (1982) in the
1970s and early 1980s, developed assays on T lymphocytes as practical ap-
proaches to monitoring human mutagenicity. Thilly et al. (1982) demon-
strated an approach to distinguishing between spontaneous and induced mu-
tations using specific forward mutation assays, each of which detects only
missense mutations at a small number of base pairs in the human genome. In
the late 1970s and early 1980s, the term “mutational epidemiology” began
to be used to describe surveillance and monitoring of individuals exposed to
known and suspected mutagens (Hook, 1982). The phrase also encompassed
etiological epidemiologic studies (Miller, 1983).

In 1991, Hollstein ez al. focused on the pattern of base substitution mu-
tations in the p53 gene observed in human cancers. Different malignancies
showed different patterns of mutations. By comparing the mutation spectra
at the same locus, for a variety of tumors of different proposed etiology, it
may be possible to distinguish the etiological contributions of exogenous and
endogenous factors to human carcinogenesis. (See Figure 1.8 for an illustra-
tion of specific mutations for various cancers.) For example, for liver tumors
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FIGURE 1.8 Localization of pS3 base substitutions in human cancers. Only a section (codons
110~200) of p53 is shown to illustrate this mutational spectra. Adapted from Hollstein et al.,
1991. In many instances, analysis of the p53 gene in tumors was limited to exons 5 through 8,
corresponding to residues 126 through 306. Five of the 280 mutations were found outside the
200-codon stretch presented here, four of which resuited in chain-terminating codons.

in persons from geographic areas in which aflatoxin B is a cancer risk factor,
most mutations of the p53 gene are at one nucleotide pair (G to T) of codon
249 (Bressac et al., 1991; Hsu, 1991), suggesting a major role for aflatoxin
B. The findings in mitogenesis experiments, in which aflatoxin B was admin-
istered to rodents and found to induce G to T transversions, suggest an
ability to distinguish cancer caused by aflatoxin exposure and that caused by
other factors (Muench et al., 1983 McMahon, et al., 1990). Chemical or
physical agents are believed to produce a spectrum of mutational events that
may be specific for each exposure, creating a mutational fingerprint (See Fig-
ure 1.9).

Occupational Medicine and Toxicology

The study of occupational disease and toxicology is another historical root
of molecular epidemiology. Since the early part of the twentieth century, oc-
cupational exposures have been confirmed by biologic monitoring (Hamil-



Mutational Spectra/Sites in gpt Gene

10
8
]
6 O
S
=
4
<
=)
Q
] 2
%
o
MNU
MNNG
ENU g
HENU
ENNG
MNU_(:}
18] ac2]128] 118[27a] 27 | #7 | 281 [aoz 419 ] 82 137 | 56 |113]110 [263]| 391]267 | 06 1176 | 3 [417 |18+ | 100 ] 1a8] 107 207[115] 20 | 4w ] 55 | 140] 148] 241 [ 242 | 170332 EMS (a)/ !
[ S S e S & o =
vi v L2 ' # [}

Base Position
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ton, 1943). Biologic monitoring of markers of exposure was advocated in the
1950s as an essential element of industrial hygiene programs (Elkins, 1954).
The forerunner of the continuum of biologic markers shown in Figure 1.2
came from the work of Zielhuis (1978), Lauwerys {1983), Hernberg and Ai-
tio (1987), and others. Four conditions for meaningful biologic monitoring
have been identified from their work:

1. The substance and/or its metabolites are present in some tissue or
body fluid suitable for sampling.

2. Valid practical and analytical methods are available.

3. The measurement is correct.

4. The result can be interpreted in terms of health risk or exposure
(Tola and Hernberg, 1981}.

That external exposure data is a poor approximation of individual dose
is of particular concern in occupational epidemiology. If an individual dose
is the integration of exposures from various routes and sources, both known
and unknown, there may not be a high correlation of dose to a measure of
external exposure. This problem was addressed by a World Health Organi-
zation study group (1975), which found that “an important conceptual ad-
vance in the assessment of toxic hazards is the increasing understanding that
a good biological exposure test need not correlate with measurements of
workroom air.” Such correlations often are hampered by several factors, in-
cluding exposures via nonrespiratory routes, additional nonoccupational ex-
posures that accumulate in the person, use of respirators, and interindividual
variations with respect to personal hygiene, smoking, metabolic processes,
and physical work demands. This very discrepancy makes biologic monitor-
ing a useful supplement to measurements of workroom air as an indicator of
individual risk (Droz et al., 1991).

A major historic parallel for molecular epidemiology is the testing of pul-
monary function in worker populations exposed to airborne pollutants (In-
gram and McFadden, 1981). This study exemplifies an early use of physio-
logic markers to establish dose-response relationships and predict risk. The
challenge to assess the variability, sensitivity, accuracy, and precision of such
tests serves as a lesson for those attempting to use molecular markers as sur-
rogates for outcome and to assess individual risk.

Cardiovascular Epidemiology

Cardiovascular epidemiology is another historic precursor of molecular epi-
demiology. Biomarkers have played a significant role in the epidemiologic
research of cardiovascular disease. The physiologic marker blood pressure
has been assessed widely and, when elevated, has been found in epidemio-
logic studies to be a risk factor for cardiovascular disease. At the biochemical
level, cholesterol and lipoproteins are included among the numerous risk fac-
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tors for atherosclerosis. Studies of familial hyperlipidemias represent early
examples of the use of biologic markers in assessment of gene—environment
interactions. Research using these serum or plasma markers [e.g., the Fram-
ingham Heart Study (Kannel et al., 1976), the Tecumseh Study (Epstein et
al., 1970), and other studies (Lipid Research Clinics Program (LRCP),
1984)] provided early lessons on the need for standardizing laboratory tech-
niques for handling biomarkers. This need was most evident in the Lipid
Research Clinics Program to determine the prevalence of various levels of
lipids and lipoproteins in 11 North American populations. Triglycerides and
cholesterol levels were determined for more than 75,000 individuals (LRCP,
1984). Serum cholesterol and other lipids have been used in epidemiologic
studies as markers of exposure (to dietary fat), as markers of effect {risk fac-
tor for atherosclerosis), and as markers of susceptibility (LDL receptor de-
fect) in genetic epidemiologic studies.

Cardiovascular disease research also provides a model for individual risk
characterization, which has been described as a major advance of molecular
epidemiology (Shields and Harris, 1991). Truett and colleagues {1967) de-
scribed the calculations of individual risk functions based on multivariable
analysis of covariates (including biologic markers and demographic and be-
havioral factors).

Genetics, Molecular Biology, and Genetic Epidemiology

The science of genetics was built on the concept that offspring phenotype
is a biomarker of events at the gene level. This field provides good examples
of how science uses observation and inference at the macro level. Visualiza-
tion of cells—and eventually chromosomes—facilitated definition of mitosis
and meiosis, so by the 1890s enough evidence was available to establish a
chromosomal theory of inheritance (Mayr, 1982). In the twentieth century,
progress in technique has allowed precise determination of chromosomal
number; development of methods to detect how chromosomes function; rec-
ognition of Q-, G-, R-, T-, and C-bands of stained chromosomes (Caspersson
and Zech, 1972); and understanding of chromatin structure (Jeppesen and
Bower, 1989).

Genetics and molecular biology overlap as research extends to the level
of the gene. Even before it was “seen,” the gene was hypothesized, albeit
among numerous competing hypotheses, as the unit of inheritance (see
Mayr, 1982, for review), based on observations at the macro rather than the
micro level. However, a more complete understanding evolved from research
on the biochemistry of living processes.

Genetics and molecular biology rely in part on an understanding of the
information macromolecules: proteins and nucleic acids. The central dogma
of molecular biology is that information flows from DNA to RNA to proteins
(Figure 1.10). This dogma also describes the flow of genetic information be-
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FIGURE 1.10 Information flow in molecular biology. Reprinted with permission from
Maxon and Daugherty, 1985.

tween generations of somatic cells (mitosis) and germinal cells (meiosis).
However, even this view is subject to change, as evidenced by the finding that
RNA, once thought of as a passive carrier of genetic information, can some-
times function as an enzyme as well (Woldrop, 1992).

The sampling frame for molecular epidemiology is likely to be composed
largely of the nucleotide sequences that constitute DNA (Figure 1.11). In
1883, Roux recognized that the basic process of transmission of genetic in-
formation was the division of the cell nucleus into two identical halves. Sub-
sequently, however, the crucial event was recognized as the actual doubling
of the genetic material, followed by its segregation into two daughter cells.
In 1958, replication of DNA was demonstrated by Meselson and Stahl to be
semni-conservative, that is, each daughter double helix receives one complete
parental stand of DNA (Meselson and Stahl, 1958). This single strand serves
as a template on which a new strand is synthesized from free nucleotides.
The significance of this discovery is that the genetic information in a cell was
shown to be reproducible indefinitely and—barring mutations—precisely.

Genetic analysis at the macro and micro levels has provided an oppor-
tunity to quantify variability in populations. “Variation” has been the topic
that sparked creative thinking in biology as well as a controversial and
perplexing one for molecular epidemiology (and promises to continue to be
so). However, Mayr (1982) observed that Western thinking for 2000 years
after Plato was dominated by “essentialism,” or the belief that there were a
limited number of immutable essences. Much of epidemiologic (and, for that
matter, biomedical scientific) thinking to date has been essentialist. For ex-
ample, the early statistics used in public health by Graunt (1620-1674) and
Quetelet (1796-1874) attempted to calculate true values to overcome the
confusing effects of variation. Quetelet, (see Mailley, 1875), who attempted
to use a mathematical function of height and weight as a biomarker, hoped
to calculate characteristics of the average person. To him and like thinkers,
variations were nothing but “errors” around mean values. In the nineteenth
century, new ways to view nature began to spread; a concept called “popu-
lation thinking” developed that stresses the uniqueness of everything in the
organic world. To population thinkers, there is no “typical” individual and
mean values are abstractions (Mayr, 1982).
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With the development of electrophoretic and other analytical tech-
niques, researchers have discovered far more variability in proteins and their
underlying genetic information than population geneticists and evolutionary
biologists expected (Janetos, 1988). Similarly, with the introduction of re-
combinant DNA technology, the genomes of prokaryotes and eukaryotes
have been found to be far more diverse and plastic than originally thought
(Janetos, 1988).

Another lesson from genetics has been the perspective on the relative
roles of heredity and environment in causing or exacerbating disease. Despite
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a long-standing “nature—nurture” debate, most scientists support the con-
cept that phenotypic variation generally results from both environmental and
hereditary influences. “Genetic epidemiology” has been particularly useful in
disentangling the effects of heredity and environment. Biologic markers have
been used in genetic epidemiology at the macro level {an individual trait, such
as eye color) and at the micro level {e.g., HLA antigens) in twin studies, adop-
tion studies, path analysis, analysis of cultural transmission of disease risk
factors, and studies of association between specific genotypes and diseases.
Since the early 1950s, the terms “pharmacogenetics” (Vogel, 1959), “ecoge-
netics” (Brewer, 1971), and “occupational ecogenetics” (Mulvihill, 1986)
have been used to describe fields studying the interaction of genetic factors
and exogenous agents. By 1975, a report by the National Academy of Sci-
ences (1975) listed 92 human genetic disorders believed to predispose the
affected individuals to the toxic effects of pollutants. DNA polymorphisms
have been used to assess genetic predisposition to various diseases, such as
cardiovascular disease, cancer, and diabetes, that may put persons with ex-
posure to xenobiotics at increased risk (Cartwright ez al., 1982; Rajput-
Williams et al., 1988; Trucco and Dorman, 1989; Caporaso et al., 1990;
Weatherall, 1991).

Since the time of Mendel, genetics and genetic epidemiology have used
the concept of “genetic markers.”” A genetic marker is a variant allele that is
used to label a biologic process or structure throughout the course of an ex-
periment or epidemiologic study (Suzuki et al., 1986). That Mendel used the
genes for pea shape, pea color, and so on was largely irrelevant; he used them
as markers to trace the hereditary processes of segregation and assortment.
DNA technology has provided a method for obtaining a large number of new
genetic markers, which facilitates studying heritable differences in DNA se-
quences. Unlike classical expressed markers, DNA polymorphisms can be
detected whether or not a given sequence encodes a protein (Conneally et al.,
1984).

Ultimately, for epidemiologic purposes, the technical developments for
amplifying small samples of DNA (the polymerase chain reaction; Saiki
1985) and for determining the sequences of genes will be considered land-
mark events. These approaches allow the use of small amounts of sample
collected from contemporary subjects or from stored or archived specimens.
When applied to a properly designed study, the polymerase chain reaction
(PCR) techniques can allow powerful comparisons among various groups.
Moreover, a high resolution map of the entire human genome could be de-
veloped using restriction fragment length polymorphisms (described in Bot-
sein et al., 1980).

Molecular biology, which has undergone a meteoric rise since the discov-
ery of the structure of DNA (Watson and Crick, 1953}, has been the source
of powerful tools in genetics that will be employed in molecular epidemi-
ology. The discoveries of molecular biology have simplified and unified biol-
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ogy, even as they have shown the immense diversity. These discoveries are a
driving force behind molecular epidemiology, since they promise to permit
more accurate classification of subjects, more detailed appraisal of mecha-
nisms, and earlier opportunities for prevention and control.

Epidemiologic and Statistical Context

A number of authors have discussed how “molecular epidemiology” fits into
the historic framework of epidemiology (Perera and Weinstein, 1982; Hatch
and Stein, 1987; Schulte, 1987; 1989; Vandenbroucke, 1988; Hulka et al.,
1990; Loomis and Wing, 1990; Yach, 1990). Vandenbroucke (1988) believes
the use of molecular biology to identify individual steps in disease causation
is reminiscent of the nineteenth century conflict between the miasma and
contagion theories of disease. For the miasmists, the competing idea was the
germ theory; for the epidemiologists of today, it is molecular biology.

Loomis and Wing (1990) see the contest between the miasma and con-
tagion theories as growing from a tension as old as Western medicine be-
tween the often unglamorous work of the hygienist and the heroic capabili-
ties of the healer. The miasma and contagion theories share a derivation from
a global scientific paradigm that has been called “Cartesian reductionism.”
As Loomis and Wing caution:

In epidemiology this paradigm equates causal inquiry with discovering the inherent
dose-response relationships between agents and diseases through rigorous hypothe-
sis testing. The weakness of causal theories arising from the Cartesian paradigm is
their failure to recognize that the action of interdependent parts (agents, aspects of
the environment, and individuals) is not an immutable, historical characteristic of
those parts but is, instead, dependent on the properties of the whole system in which
they operate. (Loomis and Wing, 1990}

Data on biologic markers often have been used as topical examples in the
evolution of statistical epidemiologic ideas. Generally, use of the markers was
not the driving force behind an idea, but a case in point. For example,
Woolf’s paper (1955), “On estimating the relation between blood group and
disease,” presented the first opportunity to assess the common odds ratio
estimation for a set of two-by-two tables and a test for heterogeneity of the
odds ratio across tables (Greenland, 1987).

Measurements of lipids, lipoproteins, and blood pressure were among
the variables used in heart disease research that forced researchers to intro-
duce concepts of multivariate analysis to overcome the “thinness of data”
encountered in ordinary stratified analysis (Greenland, 1987). Similarly,
when Gordon (1974) addressed the hazards of using multivariate analysis,
such as the assumption of a linear combination of variables, biomarkers were
used as examples. They also were used to illustrate the issue of combining
categorical and continuous variables.

Many of the issues about validity and reproducibility of biological mark-
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ers came from work on nutritional epidemiology (Keys et al., 1965; Willet et
al., 1983; Romieu et al., 1990; Bates, et gl., 1991). The primary efforts have
involved validation of biochemical markers as predictors of dietary intake
and the use of biologic markers to validate food frequency questionnaires.
A significant contribution to the statistical handling of biologic marker
data was the seminal work of Finney (1952), Statistical Method in Biological
Assay. Finney traced the history of the biologic assay dating from the late
nineteenth century. His focus encompassed Erlich’s investigations into the
standardization of diphtheria antitoxin; developments in pharmacology, en-
docrinology, and plant pathology; and the works by Coward (1947) and
Gaddum (1948) that directed attention to the statistical considerations. Key
in Finney’s work is the elucidation of concepts of the statistical validity of a
bioassay and his recommendation pertinent to molecular epidemiology:

Unless the assayist himself knows enough about the statistical logic and structure of
programs, he may feel compelled to use methods suited to his experiments or may
overlook indications that anomalies or unsuspected errors make a particular set of
data misleading. The great expansion in some types of assay (notably radioimmu-
noassays) that are essential to patient care surely renders neglect of quality in statis-
tical analysis as blameworthy as neglect of proper maintenance of equipment or neg-
ligence in identifying and measuring samples. {Finney, 1952)

Much of what is portrayed currently as molecular epidemiology appears
not to have heeded this lesson. Such studies often fail to involve discussion of
study design, statistical analysis, sources of bias, misclassification, or errors.
Considering changes found in a gene to be indicative of the “truth” about a
phase in the natural history of disease may be acceptable as part of a pilot
process in molecular epidemiology, but will not support a firm foundation
for inference, comparison, or generalization without attention to statistical
considerations.

Many of the issues that will face practitioners of molecular epidemiology
will be similar to those identified by John Paul (1958) in his publication,
Clinical Epidemiology and include issues pertaining to host susceptibility,
understanding the natural history of disease, interacting with the subject, and
collecting biologic specimens. Clinical epidemiology is a forerunner of mo-
lecular epidemiology in these ways.

The recent history of molecular epidemiology was built on work done in
the 1980s and early 1990s in molecular dosimetry (reviewed in Gledhill and
Mauro, 1990; Garner et al., 1991; Groopman and Skipper, 1991), and in
pilot efforts to incorporate biologic markers into epidemiologic research.
These efforts were mostly in the area of environmental health research.
Papers and monographs (Perera and Weinstein, 1982; Tannenbaum and
Skipper, 1984; Harris et al,, 1985; Wogan and Gorelick, 1985; Schulte,
1987; Hulka and Wilcosky, 1988) in the 1980s formed the systematic body
of literature on methods and techniques of this nascent field. The publication
by Hulka ez al. (1990), Biological Markers in Epidemiology, was the first
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epidemiology-oriented text in the field. This work, although mostly focused
on cancer-related biomarkers, described many of the basic issues that, in ret-
rospect, will be deemed characteristic of this approach, including when to
use a biologic marker in epidemiologic research, properties of the marker,
sample size, and control of confounding, analysis, and interpretation of
marker. Other related publications (Bertazzi and Duca, 1987; Hatch and
Stein, 1987; Perera et al., 1987, 1990; Schulte, 1987, 1989; Vineis et al.,
1990; NRC, 1991a, b) also provide guidance on methodologic issues.

Conclusion

Currently, molecular epidemiology is an evolving set of techniques rather
than a well-conceived and practiced discipline. The “field” may become
more rigorous by application of lessons learned from other disciplines that
have a history of obtaining and using biologic markers. Biomedical science
can be characterized by a process of increasingly refined biologic measure-
ments and their use in etiologic, preventive, and therapeutic research. I have
described this history briefly, with particular reference to predecessor disci-
plines that contribute to a body of knowledge that could be useful to molecu-
lar epidemiology. This is a rich history that reveals how many of the concerns
about molecular epidemiology have been confronted previously. Researchers
can learn from this history and use it as a foundation to establish good prin-
ciples in molecular epidemiology.
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