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Abstract 

Biomarkers may prove very useful in increasing the precision of exposure estimates during field epidemiological 
studies of environmental and occupational exposures. However, the determination of validity of exposure biomarkers 
is a laborious process. It is also a process that needs collaboration between laboratory and field scientists if biological 
markers of exposure are to be useful tools in environmental epidemiology. 
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1. Introduction 

Exposure assessment has proven to be a major 
difficulty in environmental epidemiology. Much 
epidemiological research involves a retrospective 
perspective and exposure reconstruction is dif- 
ficult due to a lack of adequate information re- 
garding exposure histories of subjects. In addi- 
tion, there is an enormous potential for exposure 
assessment to be influenced by apparent disease 
occurrence, and the often long latency period 
between exposure and disease (National Re- 
search Council, 1991a,b). This paper addresses 
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the role biological markers (biomarkers) can play 
in exposure assessment and the criteria for de- 
termining when a marker of exposure can be used 
in environmental epidemiology. General ques- 
tions of marker validity will be addressed followed 
by specific examples involving biomarkers of bio- 
logically effective dose of carcinogens. For pur- 
pose of discussion, exposure will be considered as 
“an event that occurs when there is contact 
between a human and the environmental con- 
taminant” (National Research Council, 1991a). 
Effective methods to measure exposure in the 
ambient air have been widely utilized (National 
Research Council, 1991b). These methods can 
now be supplemented by approaches that evalu- 
ate biological markers of exposure. Biological 
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markers of exposure are indicators of internal 
dose, biologically effective dose, and early biologi- 
cal effects that indicate the presence or amount 
of xenobiotic that enters a person or biological 
changes correlated with exposure. 

This discussion of biological markers can be 
circumscribed by the broader question of what 
kind of exposure data epidemiologists need 
(Gann, 1986). As Gann notes: 

The answer depends on the development of a well- 
defined research question in each case. This ques- 
tion (or questions) should usually be defined before 
exposure or effect data are selected and should be 
based on a biological model of the exposure-effect 
relation that is as explicit as possible. 

In selecting exposure data, it also helps to specify 
the level or type of environment/disease associa- 
tion that is sought: 

Four levels or types of association can be examined 
in epidemiological studies each calling for a different 
degree of precision and validity in the exposure data. 
Every analytic epidemiological study generates an 
exposure-response relationship, even the simplest 
study which might only compare two points: expo- 
sure and no exposure. Fig. 1 illustrates a hypotheti- 
cal exposure-response curve for an air pollutant; in 

this case the ‘cuive’ is linear and intersects the 
exposure axis at exposure level C. In studies with 
individual data on exposure and outcome, each indi- 
vidual will contribute a point, or individual data will 
be collapsed into groups to form fewer points. In 
studies with aggregate data, obviously each aggre- 
gate or group will contribute one point. In Fig. 1, 
level A refers to a study that seeks ‘any association’ 
between environment and disease - thus permitting 
comparison of populations use of more crude data 
such as might be available in data bases, since a 
correct answer can be achieved even if actual expo- 
sures are considerably different from those esti- 
mated. On the other hand, studies that ask questions 
regarding the shape (e.g., slope and position) of the 
exposure-response curve require more finely tuned 
data on exposure at two or more convenient points 
(segment B in Fig. 1). 

If the research question concerns determina- 
tion of a threshold or ‘no effect’ level of exposure, 
the investigators must be able to identify groups 
or individuals with exposure on both sides of, and 
close to, point C. This demands even greater 
refinement in the exposure data, with less room 
for non-random error. 

Finally, questions concerned with the portion 
of the total disease burden attributable to the 
environmental agent must either identify popula- 
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Fig. 1. Four distinct epidemiological questions and their exposure data requirements (Gann, 1986). 
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tion exposure across the entire range of exposure 
(segment D), or study a representative sample of 
cases, as in a case control study (Gann, 1986XThe 
use of biomarkers for each of these levels will be 
the subject of the following discussion. At any 
level of association, valid biological markers of 
exposure will be those dose markers that have: (1) 
biological relevance; (2) defined pharmacokinet- 
its; (3) temporal relevance; (4) defined back- 
ground variability and identification of confoun- 
ders. 

2. Biological relevance 

The biological relevance of markers is the ex- 
tent to which it represents the underlying biologi- 
cal event. This has been referred to as ‘content 
validity’ (Schulte and Mazzuckelli, 1991). If an 
exposure marker has content validity it will repre- 
sent part of a chain of events that are a subset of 
exposure opportunities and a pool from which 
outcome events are likely to occur. Hence, a 
DNA adduct formed from exposure to polycyclic 
aromatic hydrocarbons (PAH) will have content 
validity if it represents the interaction of PAH 
and DNA. The ultimate validity of a marker of 
exposure will depend on its relationship both to 
exposure and to outcome. This relationship is 
very difficult to prove in human studies due to the 
long latency between exposures, the appearance 
of the marker and the disease. But, until these 
studies are done, the importance of any marker to 
individual risk will be problematic. At the current 
level of understanding discussions of group risk, 
rather than individual risk, are warranted. With- 
out demonstration of direct relationship to expo- 
sure and outcome, each biomarker study is actu- 
ally a test of the biological relevance of the marker 
and adds to the web of association. 

3. Understanding of pharmacokinetics and 
temporal relevance 

The effective selection and use of biological 
markers of exposure depends on an understand- 
ing of the underlying pharmacokinetics and phar- 
macodynamics of suspected toxicants and the bio- 
markers (National Research Council, 1991b; 

WHO, 1986; Andersen, 1987; Smith, 1987; Droz, 
1993; Lauwerys, 1983). Knowledge of pharma- 
cokinetics is important in determining the fre- 
quency and timing of sampling and the tissues or 
fluids most appropriate for study. It also guides 
the interpretation of dose and effect data ob- 
tained in a target tissue or a surrogate. 

Appropriate sampling of biological specimens 
requires that the temporal relationship of mark- 
ers to external exposure or to disease be under- 
stood. Whether a marker reflects recent or cumu- 
lative exposures, peaks or averages, depends on 
the pharmacokinetics of the contaminant, and the 
persistence of the marker in the biological sample 
being assayed (which is, in large part, a function 
of the turnover rate or half-life of the sample) 
(National Research Council, 1991a). 

Understanding of temporal relevance is essen- 
tial for developing monitoring strategies and in- 
terpreting results. Most measures of internal dose, 
for example, reflect recent exposures. An excep- 
tion would be a substance that is fat-soluble and 
is stored in adipose tissue (National Research 
Council, 1991a). Hemoglobin is a good integrat- 
ing dosimeter over the 4-month life span of ery- 
throcytes, which, unlike white blood cells, lack 
repair systems. In contrast, human serum al- 
bumin, another biological dosimeter has a half-life 
of 20-25 days. The elimination kinetics for a 
marker like carcinogen-DNA adducts is compli- 
cated by the fact that there are apparently two 
compartments for adducts in DNA. The majority 
of adducts appear to reside in a compartment 
where there is rapid loss ostensibly due to DNA 
repair, while other adducts reside in a’ compart- 
ment that is longer lived and consistent with cell 
turnover (Randerath et al., 1985). 

In addition, it should be known in advance if an 
exposure is acute, chronic or intermittent, and 
whether the marker appears quickly after the 
exposure (as with many metabolites) or has a 
significant latent period, as when cells have to 
migrate to the surface of a tissue to be collected 
(Rosin, 1992). Chronic exposure generally results 
in steady-state marker levels if exposure duration 
is of sufficient intensity and duration so that 
marker formation is balanced by loss from such 
factors as repair, elimination and cell turnover. 
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Acute exposure can often be captured easily if 
the kinetics have been studied. The effects of 
intermittent exposure are often the most difficult 
to capture with biomarkers, particularly if there is 
a latent period in marker appearance (Schulte 
and Perera, 1993). 

The manner and timing of sample collection 
can contribute to ambiguous or meaningless re- 
sults. For example, in a study to determine expo- 
sure to environmental tobacco smoke with nico- 
tine or its metabolites as markers, different re- 
sults were obtained when different sampling pro- 
tocols were used. Physiological pharmacokinetic 
modelling has demonstrated that the single-time 
point sampling protocol is of little use, unless a 
marker has a long half-life, which is rare for most 
exposures (Schwartz and Balter, 1988). Therefore, 
a good understanding of the pharmacokinetics is 
essential for proper timing of sample collection 
(National Research Council, 1991a). 

The natural history of a biological specimen is 
also an important factor to consider: 

The period reflected by white blood cells or lympho- 
cytes is considerably more complex. For example, 
adducts on DNA from white cells can reflect both 
past and current exposures, because a subset (T 
cells) is very long-lived. T cells make up approxi- 
mately 6090% of lymphocytes, which in turn consti- 
tute about 22-28% of peripheral white cells in blood. 
Thus, T cells constitute a maximum of 25% of white 
cells. The estimated half-life of T cells is 3 years. In 
contrast, B cells and monocytes constitute roughly 
1-2 and l-7%, respectively, of circulating white ceils 
and have lifetimes ranging from days to weeks. 
Granulocytes make up the remaining 66-85% of 
white cells and are short-lived (hours to days) (Na- 
tional Research Council, 1991a). 

Thus, it may be appropriate to fractionate lym- 
phocytes and make marker measurements only on 
the subfraction actually exposed. Long-lived T 
cells are the cell type of choice in cases of past- 
discontinued or chronic exposure. In some cases 
fractionation of the target cell population may 
increase assay sensitivity and be better correlated 
with outcome. For example, when total cumula- 
tive exposure is more important to long-term 
health effect and for risk estimates, measuring 

marker levels in T-lymphocytes would give better 
information than measuring the marker exposure 
variability (National Research Council, 1991a). 
Savela and Hemminki (1990) saw no significant 
difference between groups of smokers and non- 
smokers when measuring carcinogen-DNA 
adducts in granulocytes or all white blood cells, 
while a significant difference was seen when mea- 
suring these lesions only in T-lymphocytes. 

The natural history of the biological specimens 
will also have an impact on epidemiological study 
designs: 

In retrospective case-control studies, for example, 
one would want a permanent marker left decades 
earlier by an initiating carcinogen. In the case of 
discontinued exposures, even the longest-lived mark- 
ers will be diluted by cell turnover, thereby leading 
to underestimation of past or cumulative dose. Only 
if exposure had been continuous and had not 
changed substantially over the decades (and only if 
the disease had not altered metabolism) would cur- 
rent measurements of the marker be directly repre- 
sentative of critical prior exposure. Many other ex- 
posure patterns are relevant to case-control and 
cohort studies (current but interrupted, continuous 
but of varying magnitude, etc.). The effect of each 
pattern on a marker like DNA adducts in white 
blood cells would involve different distributions of 
adducts among white-cell populations leading to a 
varied pattern of persistence (National Research 
Council, 1991a). 

4. Understanding of ‘background’ variability and 
confounding variables 

It is important to know the range of values of a 
given biological marker in a ‘normal’ population 
(National Research Council, 1991a). Normal can 
be considered to mean without occupational ex- 
posure or without observed or hypothetical envi- 
ronmental exposure. Pristine populations, how- 
ever, are rare, so ‘non-exposed’ populations gen- 
erally have some exposure. The extent of these 
exposures can vary greatly. Byrant et al. (1988) 
reported that 4-aminobiphenyl adducts could be 
detected in non-smokers. At the extreme, Savela 
and Hemminki (1990) reported that lymphocyte 
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DNA adduct levels were as high in a Silesian 
control group as in a Finnish occupationally ex- 
posed group. Care must be taken not to be de- 
ceived by the extensive variation in biochemical 

individuality; what is considered ‘healthy’ in some 

individuals might indicate a health risk in others 

(Schulte, 1987). The range of ‘normal’ can be 
large. For example, it is well known that 
cholinesterase activity in people not exposed to 
organophosphorus insecticides covers a wide 
range (WHO, 1985). This normal range needs to 
be known to allow for interpretation of abnormal- 
ities resulting from exposure: 

Interindividual variation and intraindividual varia- 
tion are important contributors to ‘noise’ or back- 
ground in monitoring or epidemiological studies and 
should be characterized before large-scale applica- 
tion of particular biological markers. Such data, 
however, can be generated only by large-scale sur- 
veys with repeated sampling and efforts to control 
for confounding variables. Thus, a background study 
is an important epidemiological exercise in itself. 
These types of studies are often difficult to get 
funded since they generally involve assessments in 
healthy people. Nevertheless, they are critical to 
developing and validating biological markers for use 
in environmental epidemiology. With respect to car- 
cinogen-DNA and carcinogen-protein adducts, subs- 
tantial interindividual variation and intraindividual 
variation have been observed with PAHs, 4-ABP, 
and nitrosamines (Bryant et al., 1988; Harris et al., 
1985; Perera et al., 1987). SCEs also vary widely 
within and between subjects (National Research 
Council, 1991a; Carano and Natarajan, 1988). 

Biological markers are subject to greater variabil- 

ity than conventional exposure-assessment tech- 

niques, because the body actively participates in 
the collection, distribution, and elimination of 
absorbed contaminants. Confounding variables 
that must be accounted for in studies that use 
biological markers include age, sex, race, cigarette 
smoking, alcohol consumption, diet, drugs or other 
environmental exposures, genetic factors, and 
pre-existing health impairment. for example, al- 
cohol intake is the most common cause of re- 
duced metabolism of industrial chemicals 
(Fiserova-Bererova, 1987). Thus, in a study of 

those chemicals in which the chemical or a 
metabolite is used as a biological marker of inter- 
nal or biologically effective dose, one would have 
to account for alcohol consumption to understand 
and interpret the data properly. 

Assay variability also tends to cloud potential 
associations. Under the best conditions this vari- 
ability only contributes to random noise and is 
not biased. However, if there is some systematic 
difference in the order of sample analysis and 
there is a significant downward or upward trend 
in reported results, then this type of variability 
can contribute to false positive or negative con- 
clusions. Run-to-run variability can be important 
in particular where assays require reagents (such 
as enzymes) which do not come from the same 
lot. This type of variability can be controlled 
through the use of internal or external standards, 
repeated measurements, or by randomization 
techniques which distribute this variability with 
equal probability between groups (Talaska et al., 
1987). Fig. 2 shows the results of several measure- 
ments made of a 4-aminobiphenyl-DNA adduct 
standard made before and during a study of carci- 
nogen-DNA adducts in human urinary bladders 
(Talaska et al., 1991). The initial datum is a 
determination made prior to the analysis of the 
human samples - clearly adduct recovery was 
low. A change in methodology resulted in a 
marked improvement in adduct recovery. Meth- 
ods were then held constant for the remainder of 
the study, even though it was realized that the 
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Fig. 2. Run-to-run variation in 4-ABP-DNA adduct standard 
by 32 P-postlabelling. 
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recovery of the adduct still was only about 30% 
percent with the improved method. The variation 
in the reported results obtained with the standard 
was viewed as acceptable and added less noise 
than further attempts to improve recovery. 

5. Studies of the association between exposure 
and effect 

When the research question is whether any 
association exists, an investigator has the option 
of comparing populations with maximum con- 
trasts. If markers of exposure are the basis for 
these contrasts, the intragroup variability must be 
small enough so that the contrast can be observed, 
otherwise the populations will be misclassified as 
to exposure. Using exposure biomarkers as de- 
pendent or independent variables in environmen- 
tal epidemiology requires that they have biologi- 
cal relevance, known pharmacokinetics, and that 
potential confounding factors are accounted for. 
Critical in this regard is attention to other sources 
of exposure such as occupation, diet, hobbies, 
etc., that might account for the marker (Schulte 
and Perera, 1993). 

6. Studies of the location and slope of exposure- 
response curve 

In this assessment, the exposure markers need 
to be precise enough to reflect two or more 
different exposures on the curve. Here the ques- 
tion of marker variability is important. If the 
variation within a person is greater than the vari- 
ation between persons it will be difficult to de- 
termine what frequency a marker represents on 
the exposure axis. 

7. Studies of the threshold or ‘no effect level’ 

Markers used to indicate where the curve inter- 
sects the exposure level need to be able to be 
distinguished from background. At such low lev- 
els of exposure it is necessary to account for 
confounding factors that can influence the marker 
level. 

This is generally the case in animals where one 
is dealing with inbred strains and confounding 

factors are controlled. Extensive data on DNA, 
RNA, and protein binding, in experimental ani- 
mal systems indicate that these macromolecular 
effects at the lowest administered doses generally 
follow first-order kinetics; i.e., the degree of ini- 
tial binding in target organs in vivo is usually 
directly proportional to presented dose. In some 
cases, that relationship also holds at very low 
doses similar to doses that might be encountered 
by humans as a result of environmental contami- 
nation (National Research Council, 1991a; Wogan 
and Gorelick, 1985). 

Human data on adducts, however, do not de- 
monstrate a strong proportional relationship 
between exposure and adduct frequency (re- 
sponse), most likely reflecting the great variability 
in the population. For example, frequencies of 
4-aminobiphenyl (CABP) hemoglobin adducts 
were significantly higher in smokers than in non- 
smokers in two early studies, but were not sig- 
nificantly correlated with amount smoked (Bryant 
et al., 1988; Perera et al., 1987). More recent 
hemoglobin and DNA adduct studies have shown 
significant correlations with dose for some mark- 
ers, however, there is always wide variability in 
individual response (Philips et al., 1988; Bartsch, 
1990; Vineis et al., 1990; Talaska et al., 1991; 
Schulte et al., 1992). This is undoubtedly due to 
factors involving nutrition (some people ingest 
anticarcinogens) and metabolism (Wattenberg, 
1983). However, less interindividual variation 
would be anticipated with compounds like ethy- 
lene oxide and propylene oxide which, unlike 
PAH or 4-ABP, do not need to be metabolically 
attivated. Indeed, the frequency of hemoglobin 
adducts in humans were reasonably proportional 
to the estimated dose received. Exposure levels as 
low as 0.1 ppm were correlated with response in 
two studies (Mayer et al., 1991; Schulte et al., 
19921, but another study did not show a correla- 
tion between exposure and hemoglobin-adduct 
frequency (Van Sittert et al., 19851, at airborne 
concentrations of ethylene oxide less than 0.05 
ppm. For workers exposed to propylene oxide, 
good agreement was seen between the degree of 
hemoglobin alkylation and estimated propylene 
oxide exposure (National Research Council, 
1991a; Osterman-Golkar et al., 1984). 

Another example illustrates exposure-adduct 
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relationships over various exposure levels: epidemiology to utilize valid exposure biomarkers 
both types of validity must be assured. 

Better defined exposure-response relationships were 
shown by the sign&ant correlation between PAH- 
DNA adducts measured by immunoassay in periph- 
eral white blood cells from Finnish foundry workers 
and their occupational exposure to PAH (Perera et 
al., 1988). Workers were classified as having high 
(more than 200 ng/m3), medium (50-200 ng/m3), 
or low (less than 50 ng/m3) exposure BaP (as an 
indicator of PAR). The mean adduct concentrations 
(in fmol of adduct per pg of DNAS were 1.5 (high- 
exposure group), 0.62 (medium), 0.24 (low), and 0.066 
(controls, unexposed, healthy workers seen at same 
clinic). These results were corroborated with the 
postlabelling method carried out on white-cell DNA 
from the same worker population (Hemminlci, 1988; 
Philips et al., 1988). However, despite the correlation 
between DNA adducts and exposure at the group 
level, there was significant variation among individu- 
als within the exposed groups. Adducts measured 
with immunoassay ranged from non-detectable to 2.8 
fmolpg of DNA. The current PAH levels in the 
plant are approximately 30-fold lower than those 
which were previously shown to increase PAH-DNA 
binding (National Research Council, 1991a). 

9. Natural history of the development of 
biomarkers 

There is a natural history of the development 
of biomarkers; their content validity is evaluated 
on several levels or stages of experimentation. 
Those measurements which succeed and give in- 
sight into the disease process are candidates for 
further development and ultimately held as reli- 
able for human studies. During the course of this 
evaluation more measurements, rather than fewer, 
must be made to ascertain whether the marker 
responds as appropriate to the various exposure 
situations. 

The broad variation may indicate that workers 
were receiving exposure by other routes such as 
ingestion, and that there are differences in 
processes such as activation, detoxification and 
DNA repair which are partially under genetic 
control (National Research Council, 1991a). 

8. Attributable risk over entire exposure range 

Thus, it becomes important for the investigator 
to have a clear notion of the strengths and limita- 
tions of the biomarker. In many cases this under- 
standing is best obtained by discussions with col- 
laborators having different expertise. Laboratory 
scientists who work with the marker daily are 
likely to better appreciate the strengths and 
weaknesses of the measurements themselves, for 
example, their analytical sensitivity and specific- 
ity. Epidemiologists are often better prepared to 
discuss these same issues in terms of the assay as 
a whole. Thus, biomarkers must be validated both 
in terms of the marker itself, addressing such 
issues as content validity and temporal relevance, 
as well as the accuracy, precision, sensitivity and 
specificity of biomarker measurements in the field 
as they relate to exposure and disease. 

This level or type of association can be con- 
sidered in two ways: a study where exposure is 
sampled at various points in the range and where 
exposure is not known. The exposure distribution 
curve will need to be developed by estimation or 
modelling. In these later instances the collection, 
calibration and analysis of biomarkers data must 
be compatible with pharmacokinetic models (Hat- 
tis and Silver, 1993). 

Validity criteria: taking a marker from the luboratoly 
to the fiekf 

There is also a certain probability that poten- 
tial misclassification may be increased by the ad- 
dition of an analytical measurement. Biomarkers 
are estimates of physiological events following an 
exposure to an agent. As estimators and not the 
parameters themselves, biomarkers are subject to 
the same types of variability as other estimates. A 
purpose of this section is to define components of 
measurement variability which may be introduced 
by the use of a biomarker, and to delineate sev- 
eral approaches to reduce the impact of analytical 
variability. 

Validity may have slightly different meanings in 9.1. Developmental stage 
the laboratory and in the field. For environmental The development or natural history of a cancer 
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biomarker in the laboratory often begins when a 
hypothetical association between an exposure or 
disease and some physiological change is tested. 
In many cases there is an incomplete understand- 
ing of the natural history of the disease process 
such that the events between ‘cause’ or exposure 
and the disease-effect are often unknown and are 
a ‘black box’. Biomarkers promise to be useful in 
reducing uncertainty relating exposure to the dis- 
ease process. However, when originally proposed 
they are often measurements of an unknown en- 
tity and must be tested against other established 
markers, or the occurrence of the disease itself, in 
studies which establish overall content validity. 
An untested marker can be considered in devel- 
opment until it can be demonstrated that the 
marker has sufficient content validity (Schulte 
and Perera, 19931, and that it is sufficiently sensi- 
tive and reproducibile to be used in the study of 
human populations. 

The development of techniques for carcinogen- 
DNA adduct analysis is a useful model for the 
process of assay validation. The content validity 
of this measurement was suggested by Brooks and 
Lawley (19641, who saw that the ability of a 
chemical to form DNA, but not RNA or protein 
adducts, best predicted carcinogenic@. With the 
development of highly-sensitive techniques such 
as enzyme-linked immunoassays, 32 P-postlabel- 
ling, synchronous fluorescence and, most recently, 
mass spectrometry, the content validity of carci- 
nogen-DNA adduct analysis has been more rigor- 
ously defined. Specific carcinogen-DNA adducts 
(Van de Poll et al., 1989) have been shown to 
induce to both point and gene mutations in a 
dose-related manner (Van Zeeland et al., 1985; 
Arce et al., 1987; Talaska et al., 1987). Other 
work has shown that adducts for certain carcino- 
gens were found in a wide variety of target and 
non-target tissues, with DNA adducts in the tar- 
get tissues usually occurring at higher levels than 
in the non-target organs although there were 
reported exceptions (Stowers and Anderson, 1984; 
Schurdak and Randerath, 1985; Schurdak et al., 
1987). Another advantage of the current analyti- 
cal methods for carcinogen-DNA adduct determi- 
nations is a decreased tissue requirement which 
allows work to be done on the basis of a single 

animal (Randerath et al., 1985). Animal studies 
using these techniques could detect differences 
between exposure groups using sample sizes of 
from five to seven animals (Randerath et al., 
1985; Talaska et al., 1987). Reliable data were 
obtained on the basis of groups of animals receiv- 
ing the same dose and/or on the basis of the 
individual animal in some cases. The markers 
were required to have a high degree of reliability. 
This was often demonstrated by the reproducibil- 
ity of standards, the development of standard 
curves and by repeated measure. However, sev- 
eral authors have pointed out the need to analyze 
samples using designs (e.g., stratified block analy- 
sis) to minimize the effects of run-to-run variabil- 
ity which can be caused by different reagent lots 
and use of enzymes, the activity of which can 
decline with time. These studies demonstrated 
the sensitivity limits of many of the techniques 
proposed for use as human carcinogen biomark- 
ers. Recognition that human exposure would likely 
result in lower marker levels than in these experi- 
mental situations spurred on the development of 
more sensitive variants of analytical techniques 
(Gupta, 1985; Reddy and Randerath, 1986; Gupta 
and Earley, 1988; Roberts et al., 1988). 

These data gave investigators confidence that 
measurement of DNA adducts was important in 
carcinogenesis and had the potential for giving 
worthwhile information to human exposure and 
effect. Carcinogen-DNA adducts are now recog- 
nized as pre-mutagenic lesions and biomarkers of 
carcinogen effective dose. Although carcinogen- 
DNA adducts are neither necessary nor sufficient 
for neoplasia, their measurement has significantly 
increased knowledge of early steps in chemical 
carcinogenesis. On the other hand, certain issues 
still must be resolved through animal studies. For 
example, the influence of DNA repair and cell 
proliferation on hxing of the damage caused by 
carcinogen-DNA adducts remains to be de- 
termined. And the question of whether peak DNA 
adduct levels, persistent adducts, or total inte- 
grated adduct levels are better predictors of ge- 
netic effect has yet to be answered satisfactorily. 
But while these issues are being studied, these 
developmental animal models demonstrate the 
content validity of carcinogen-DNA adduct mea- 
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surements, encouraging their use in preliminary 
human studies. 

9.2. Field validation 
Once validated in the laboratory it is necessary 

for a marker to be validated in groups of people 
so that the investigator knows the extent to which 
it varies by demographic, behavioral, geographic 
or other relevant descriptors. Does it change with 
age? Is it the same in all races, sexes, in smokers 
and non-smokers? Does diet affect it? It is not 
necessary that every one of these factors is known, 
but an investigator should know the answer with 
regard to many of the variables that describe a 
potential study population. Key in validating an 
exposure marker for environmental epidemiology 
is the identification of sources of exposure that 
might account for measurable levels of markers in 
putatively unexposed populations. All of these 
field validation efforts should be viewed as epi- 
demiological studies. Hence, they require atten- 
tion to principles of epidemiological research. 

Bull (1989) developed a decision model for 
biomarkers of exposure for the U.S. Environmen- 
tal Protection Agency (USEPA). The objective 
was to determine levels of exposure in popula- 
tions so that risk assessments could be conducted. 
Since the universe of biomarkers is potentially 
large, a conceptual model is needed for evaluat- 
ing the completeness of information concerning a 
specific exposure biomarker. The output from the 
model would be used to determine whether a 
specific biomarker should be considered for fur- 
ther development using USEPA resources. The 
model is shown in Fig. 3 and Table 1. This model 
may serve as a checklist in evaluating potential 
biomarkers of exposure. 

9.3. Trial human applications 
Trial studies are done to determine whether 

the marker can measure defined differences in 
exposure in humans. The broadest comparisons 
are made: for example, groups with no exposure 
are compared with those having heavy exposure. 
These studies provide positive reinforcement for 
the analytic methodology. Exposure to com- 
pounds with a documented effect is important. 

Exposure to tobacco smoke has often been used 
in studies of this type because of its known con- 
tribution to lung and bladder cancer (Vineis et 
al., 1990). Since the major reason for doing these 
studies is to determine whether the biomarker 
responds as expected, measuring the effect in the 
target organ is critically important and tissues 
may be obtained by methods which are too inva- 
sive for routine monitoring purposes. Phillips et 
al. (1988), examined the levels of carcinogen-DNA 
adducts in human surgical lung samples. They 
found about a five-fold increase in total carcino- 
gen-DNA adducts in smokers, the increase being 
correlated with the number of cigarettes smoked 
per day, suggesting a dose-response. Van 
Schooten et al. (1990) also looked at surgical 
samples of lungs of smokers and saw that adducts 
were higher in the normal but not the tumor 
tissue of tobacco smokers, consistent with that 
expected from the biology, the rate of cell turnover 
and metabolism in these tissues. In addition, they 
saw good agreement between two techniques of 
carcinogen-DNA adduct analysis (correlation = 
0.97). 

The urinary bladder is another target for carci- 
nogens in tobacco smoke, with smokers estimated 
to be from 2-9 times more likely to develop 
urinary bladder cancer. Talaska et al. (1991) saw 
that a variety of specific carcinogen-DNA adducts 
were elevated in tobacco smokers. However, a 
dose-response could only be demonstrated for a 
single specific adduct, suggesting that there was 
significant interindividual variation in response to 
a given dose. 

Significant differences in carcinogen-DNA 
adduct levels were detected in smokers and the 
magnitude of the differences approximately cor- 
responded to the excess risk noted for tobacco 
smokers in epidemiological studies. Dose-re- 
sponse effects were noted in several studies, but 
the interindividual variability seen in others sug- 
gested the importance of pharmacokinetic factors 
affecting absorption (such as depth of smoke in- 
halation) or metabolism. The issues of data analy- 
sis important to studies at this level of develop 
ment include the consistency of methods, serial 
repeats of standards and the reproducibility of 
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Fig. 3. Decision model for development of biomarkers of exposure (Bull, 1989). 

repeated measurements. Repeat measurements 
are often possible at this stage because fairly 
large tissue samples are often available. The pos- 
sibility for run-to-run variation in results is high 
because many of the assays used for carcinogen- 
DNA adduct analysis require enzymes as critical 
reagents. Fig. 4 shows the results of repeated 
measure of a series of human urinary bladder 
samples. In some cases there is good agreement 

between the two sets of the repeated measure- 
ments, while in other cases the correspondence 
was less good. A rule was established at the onset 
of the study to include all the data for each 
sample unless there was a technical reason for 
exclusion, so the means of all analyses were re- 
ported as results for an individual. 

To be valid, a biomarker must also be practical. 
For carcinogen-DNA adduct analysis, obtaining 



Table 1 

PA Schulte, G. Talaska / Toxicology 101 (1995) 73-88 a3 

Steps in the development of a biomarker 

Step Action required Relative 
importance’ 

1. Chemical selection 

2. Conceptualization 

3. Confirmation of concept 

4. Develop method of measurement 

5. Biomarker practical for field? 

6. Establish dose-response 
relationship 

7. Identify variables affecting 
relationship with dose 

8. Measures toxic effect? 

9. 

10. 

Validation of applicability 
to humans 

Conduct demonstration study 

‘C, critical to the application of the biomarker; L, limiting to the application of the biomarker, i.e., places limits on interpretation 
of results for secondary purposes, e.g., risk assessment; N, nice to have, but not essential to the application of the biomarker (Bull, 
1989). 

Prioritize based on occurrence, significant human 
exposure, potential for adverse human health effects 

Identify logical consequence of chemical exposure 
that might serve as a useful measure of exposure 

Experimentally contirm validity of basic concept 

Identify method for detecting changes in 
biomarker at doses at or below those producing 
toxic effects 

Develop plausible field methodology and develop 
sufficient sensitivity of biomarker to monitor 
existing exposures 

Characterize pharmacokinetics and metabolism of 
chemical (consistent relationship to systematic dose is 
critical; knowledge of effective dose is limiting) 

Establish specificity of response and identify 
lifestyle, genetic, disease state, therapeutic, or 
occupational variables that modify the response 

Provides advantage only among biomarkers of equal 
ability as measures of exposure 

Conduct pilot study in small groups of humans with 
defined exposure gradients to chemical of humans 
interest 

Determine whether variation in response in larger 
population can be accounted for by known variables 

L 

c, L 

c, L 

N 

C 

C 

target organ samples is an issue, since surgical some cases a period sufficient to allow interaction 
samples will not be available during population- with DNA (Kadlubar et al., 1991). In the lung, 
based studies. The alternatives are to seek out carcinogens may be activated in situ, which may 
useful surrogates for target organ analysis, or to not permit the reactive forms contact with the 
develop techniques to obtain target organ sam- central compartment. Therefore, if the proposed 
ples non-invasively. Selection of an appropriate marker is to indicate the effective dose to the 
surrogate tissue may not be simple owing to the target organ and not just exposure, the correspon- 
fact that the target organ is a target because of dence between the marker levels in the surrogate 
some peculiarity of pharmacokinetics. For exam- and target tissue must be demonstrated. For ex- 
ple, it appears that the urinary bladder is the ample, Reddy and Randerath (1990) studied the 
target for aromatic amine carcinogens because relationship between carcinogen-DNA adduct 
this organ receives the carcinogen in an active levels in lymphocytes and a variety of target or- 
form and in relatively high concentrations and gans in an animal model. They saw that with the 
then holds the compound until micturition, in exception of benzdalpyrene there was no corre- 
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Fig. 4. Repeat variability in human urinary bladder biopsy samples. Run 1, left-hand columns; run 2, right-hand columns. 

spondence between lymphocyte and target organ 
levels. This would indicate that using lymphocytes 
in human studies may be limited to indicating 
internal dose (and not effective dose) of carcino- 
gens. Similarly, studies are currently underway to 
determine the correspondence between carcino- 
gen-DNA adduct levels in exfoliated urothelial 
cells and the urinary bladder in humans. Additio- 
nally, results reported in one dog with chronic 
exposure to 4-aminobiphenyl have been encour- 
aging (Talaska, 1990, 1992). 

Studies at this stage can also be useful to point 
out the limitations of analytical approaches so 
that efforts can be made to improve the tech- 
niques. for example, Talaska et al. (1991) investi- 
gated the relationship between tobacco smoking 
and carcinogen-DNA adducts in exfoliated 
urothelial cells. While adduct levels were gener- 
ally higher in smokers than non-smokers, and a 
dose-response was demonstrated within the group 
of smokers, the differences between smokers and 
non-smokers were not statistically significant. It 
appears that what may have actually been back- 
ground material in some non-smokers samples 

were misinterpreted as carcinogen-DNA adducts 
reducing the assay signal-to-noise ratio and sensi- 
tivity. Clearly, changes in this technique are 
needed to improve sample cleanup and increase 
DNA yield. Synchronous fluorescence techniques 
may also have sensitivity problems for another 
reason, in that detection of carcinogen-DNA 
adducts in human samples requires as much 1 mg 
of DNA, which translates into about 1 g of tissue 
sample for each analysis (Manchester et al., 1988). 
Improvements to reduce this tissue requirement 
will make this method extremely valuable. 

9.4. Secondary human studies 
In this phase of the natural history of a bio- 

marker the object is to determine whether the 
predicted relationship between the biomarker and 
exposure and effect modifiers has the expected 
content validity. In this case, the marker will be 
required to generate two (or more> discrete 
dose-response curves for levels of the effect mod- 
ifier. Obviously this will require measurement of 
exposure, the marker of interest and the sus- 
pected effect modifier. For cancer markers this 
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stage is critical to more general use in population 
studies. 

A series of papers which have reported on the 
interaction between 4-aminobiphenyl-hemoglobin 
adducts and N-acetyltransferase phenotype in a 
large group of tobacco smokers (Vineis et al., 
1990; Talaska, 1991). In initial studies, the 4- 
aminobiphenyl-hemoglobin adduct biomarker was 
seen to respond to two types of tobacco associ- 
ated with different urinary bladder risk (Bryant et 
al., 1988). The ability of this biomarker to re- 
spond to smoking cessation was also described 
(Skipper and Tannenbaum, 1990). Acetylation 
phenotype was suspected to be an effect modifier 
in epidemiological studies of human urinary blad- 
der cancer (Cartwright and Glashan, 1984). The 
purpose of this work was to determine if the 
4-aminobiphenyl-hemoglobin adduct marker 
would also respond in a similar fashion to this 
phenotypic difference. The levels of the 4- 
aminobiphenyl-hemoglobin adducts were in- 
creased in slow acetylators in each of the groups 
tested, non-smokers, and black and blond tobacco 
smokers. It is interesting that the effect of acety- 
lator phenotype seemed strongest in the groups 
with the lowest tobacco intake (Talaska, 1988). 
Therefore, with these data two dose-response 
curves could be constructed to control for the 
effect modifier acetylator phenotype. Despite 
these preliminary data, ultimately, the role of the 
4-aminobiphenyl-DNA in the causal pathway of 
carcinogenesis still needs to be confirmed. 

9.5. Prospective human studies 
The ultimate test of a cancer biomarker is 

whether or not it can be used to predict disease. 
Recently, Ross et al. (1992) conducted a prospec- 
tive study of 18000 persons by measuring the 
levels of urinary aflatoxin metabolites and afla- 
toxin B,-N’-deoxyguanosine adducts, then fol- 
lowing the individuals until tumor incidence. They 
found 22 cases of liver cancer. Although this 
adduct is not thought to be directly responsible 
for carcinogenesis, those persons who excreted 
this marker were almost five-times more likely to 
have the disease than those who did not. In 

addition, persons positive for excreted DNA 
adducts and hepatitis B antigens were at almost 
50-fold greater risk. (An estimated 90% of hep- 
atic tumors in China are thought to be associated 
with hepatitis B. This is the first prospective study 
indicating that a DNA adduct marker is associ- 
ated with increased human cancer.> This type of 
approach to validation is costly and labor inten- 
sive. As an alternative, researchers should look to 
banked specimens and other creative approaches 
to validate markers. 

10. Future cancer biomarker studies: exposure 
intervention studies 

An exposure biomarker should respond to 
changes in the exposure. There have been several 
interesting studies conducted which showed that 
certain markers respond to exposure changes. As 
mentioned above, 4aminobiphenyLhemoglobin 
adducts were monitored in a group of people 
involved in a smoking cessation effort (Maclure et 
al., 1990; Skipper and Tannenbaum, 1990). The 
loss of these adducts in the blood approximately 
followed an expected curve based on the biologi- 
cal half-life of hemoglobin. Studies of carcinogen- 
DNA adduct in ex-cigarette smokers indicated 
that this marker responds to exposure interven- 
tions, although whether the kinetics of adduct 
loss follow cell-turnover kinetics in the urinary 
bladder or lung cells has not been determined as 
accurately as has been the case for the 4-amino- 
biphenyl-hemoglobin adducts (Philips et al., 1988; 
Talaska, 1988). 

Intervention studies during the course of field 
trials will be very useful, both as an evaluation of 
the marker, as well as an evaluation of the inter- 
vention once the marker has been accepted as 
valid. Intervention studies involving evaluation of 
the effective dose will require estimation of exter- 
nal exposure as well as internal and effective 
doses. 
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