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Biomarkers of exposure, parent chemicals, metabolites, and also hemoglobin and DNA (deoxyribonucleic acid)
adducts, even urinary mutagenicity, have been used successfully to identify exposed persons, follow-up exposure,
and quantitatively assess exposure. Some have been validated as indicators of health risk. The avenues for future
biomarkers of exposure are in the development of robust, simple, and inexpensive semiquantitative methods for
daily use on every worker for assuring that no (excessive) exposure takes place. Some biomarkers of effect have
also been well validated and are widely used in routine monitoring activities. However, with the exception of
cholinesterase inhibitors, biomarkers of effect offer little advantage over the analysis of the chemical itself, Their
use will be limited to carefully planned ad hoc studies. Biomarkers of susceptibility currently have no practical
application in worker health protection. Biomarker research should concentrate on validating methods, in terms of

the prediction of health effects, and on elucidating exposure-biomarker concentration relationships.
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Biomarkers of exposure, effect and susceptibility

The Committee on Biological Markers in Environmen-
tal Health of the United States National Academy of Sci-
ences and National Research Council have defined 3 dif-
ferent types of biomarkers, namely, markers of exposure,
effect and susceptibility (1). A biomarker of exposure
was defined as an exogenous substance within the sys-
tem, the interactive product between a xenobiotic com-
pound and endogenous compounds or some other event
in the biological system related to the exposure. Biomar-
kers of effect were defined as indicators of an endogenous
component of the biological system, a measure of the
functional capacity of the system, or an altered state of
the system that is recognized as impairment or disease.
Biomarkers of susceptibility were defined as indicators
that the health of the system is especially sensitive to the
challenge of exposure to a xenobiotic compound. This
nomenclature has then been widely adopted (2). Biolog-
ical monitoring in occupational health is the application
of biomarkers of exposure or effect. Biomarkers of sus-
ceptibility have so far had little application, but they have
been extensively discussed, mainly because of the ethi-
cal problems involved. In the present review, I try to

present the status and future trends of the 3 types of bi-
omarkers in occupational health practice in a structure
in which the main uses of biomarkers (ie, identification
and quantitation of exposure and identification and quan-
tification of health risks) are separated.

Biomarkers of exposure

Identification of exposure

Most biomarkers of exposure are well suited for the iden-
tification of exposed individuals and groups. However,
it requires analytical and metabolic specificity. Source
specificity is a further important consideration.
Analytical specificity refers to the capacity of the an-
alytical method to measure exclusively the chemical that
it purports to measure. Metabolic specificity refers to the
extent that the analyte measured is derived from the par-
ent chemical of interest. Source specificity is crucially
important from the point of view of prevention even
though people are exposed to many chemicals of inter-
est in occupational health also from other sources, such
as ambient air or diet, and, apparently, the chemicals have

1 Parts of this article are based on 2 IPCS documents that are in preparation: “IPCS Guidelines for the Monitoring of
Genotoxic Effects of Carcinogens in Humans” and “Biomarkers in Risk Assessment: Validity and Validation”. The
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similar effects irrespective of the source of exposure.
Biomarkers of exposure are not capable of identifying the
source of the chemical, however. Thus the identification
of the exposure depends on the concentration difference
between the exposed individual and the general popula-
tion (ie, it is based on the comparison of the result with
reference values derived from an appropriate population).
When the occupational exposure is high, it is easy to de-
tect, but, when it is low, biomonitoring is no longer ca-
pable of distinguishing the occupational exposure. This
situation has important implications on the methods used.
At high occupational exposure levels even methods that
have low metabolic (and even analytical) specificity can
be useful tools in biomonitoring, while at low relative
exposures they are not useful.

Quantitative exposure assessment

Quantitative exposure assessment is based on knowledge
of the relationship between the measured external expo-
sure and the biomarker. This information is well ad-
vanced for many chemicals that are mainly absorbed in
the body via inhalation, for example, styrene (3—S8). On
the other hand, for several chemicals, for example,
dimethylformamide (9—13), the picture is less clear.
Different studies on the relationship between exposure,
and the biomarker concentration have yielded widely dif-
ferent results. Thus the uncertainty of exposure assess-
ment from biomonitoring varies considerably between
different chemicals.

When the absorption is (mainly) dermal, there is at
present no reliable approach to assess the relationship
between exposure or absorbed dose and biomarker con-
centration. This is an unfortunate situation, since biomon-
itoring would be very useful for the assessment of der-
mal exposure; also it is apparent that for many chemi-
cals with low vapor pressure, dermal exposure is very
important.

The disappearance rate from the body after the ces-
sation of exposure varies widely among different chemi-
cals. This rate has important implications for the inter-
pretation of biomonitoring analysis; for chemicals with
a half-time of less than 2 hours, meaningful biomonitor-
ing is not feasible. When the half-time is on the order of
2—10 hours, a sample collected at the end of the work-
day reflects the exposure over the day, while, with half-
times of 10-—100 hours, the optimal sampling time is at
the end of the workweek, and the results reflect expo-
sure during the preceding few days (14). Consequently,
the shorter the half-time, the more frequent the sampling
should be to give a representative picture of the expo-
sure.

Macromolecule adduct measurements have been pro-
posed as biomarkers of exposure to genotoxic carcino-
gens. The most widely applied approaches have been
measurements of adducts in hemoglobin and lymphocyte

DNA (deoxyribonucleic acid) (15). Both have been suc-
cessfully used for the identification of exposed people
and as short-term indicators of the effects of interven-
tion (16).

The advantages of hemoglobin adducts include the
well established kinetics in that there are no repair en-
zymes that would remove the adduct once it has been
generated. Most adducts arise from the same metabolic
pathways as DNA adducts and thus levels of DNA —
and hemoglobin adducts — are likely to correlate, as has
been demonstrated in the case of ethylene oxide. For
some chemicals, notably alkenes and aromatic amines,
information is available on the quantitative relationship
between exposure and hemoglobin adducts (17, 18).

The analysis of DNA adducts in peripheral blood
white cells (Ilymphocytes or granulocytes) has been the
most extensively studied among people exposed to poly-
cyclic aromatic hydrocarbons (PAH) (15, 19). Elevated
DNA adduct levels have been observed among workers
in coke, aluminum, and electrode production, chimney
sweeps, and diesel-exhaust-exposed car mechanics and
bus drivers. Elevated DNA adduct levels have even been
reported after heavy environmental PAH exposure. How-
ever, the results are very much dependent on the analyt-
ical method used, there is wide interindividual variation,
and no clear cut quantitative relationship has been estab-
lished between the adduct amounts and the level of ex-
posure (20) — urinary aflatoxin DNA adducts being an
exception (21). Thus, at present, no quantitative assess-
ment of occupational chemical exposure can be per-
formed from the analysis of DNA adducts.

Health risk assessment

A prerequisite for the use of biomarkers of exposure in
health risk assessment is information on dose-effect and
dose-response relationships. Such information can be
obtained from epidemiologic investigations on the mor-
bidity of populations with long-term exposure and long-
term follow-up, or from clinical studies of populations
with long-term exposure and long-term follow-up. In
addition, it is required that representative biomonitoring
data covering the whole period of exposure be available.
Reliable data of this type only exist on biomarkers of
lead, cadmium, mercury, carbon monoxide, and fluoride
(22). More limited data are available on arsenic (23).
Among the macromolecule adducts, 1 study has indicat-
ed that the urinary concentration of aflatoxin B;-DNA
adduct is predictive of the risk of hepatic cancer (24).

Biomarkers of effect

Biomarkers of effect comprise, for example, cholineste-
rase activities in plasma and erythrocytes, beta,-mi-
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croglobulin in urine, or the number of polymorphonuclear
granulocytes in bronchial lavage fluid. Biomarkers of
effect are on the borderline between health surveillance
(even diagnostics) and the monitoring of exposed popu-
lations. For several of the proposed markers, it is not clear
that the marker is truly indicative of a nonadverse effect.
Adpverse effects cannot be used for routine monitoring,
and such effects should not be tolerated in the first place.
Biomarkers of genotoxic effects are discussed later in this
presentation.

Identification and quantitation of exposure

Biomarkers of effect are, in principle, nonspecific as far
as exposure is concerned. However, in occupational set-
tings it is often possible to exclude other factors affect-
ing biomarker levels, and thus a relative specificity is
possible. For example, when cholinesterase analyses in
blood or plasma are performed to identify people exposed
to organophosphate insecticides, paired samples before
and after exposure can be used to reduce individual var-
iation in the enzyme activity as a source of error. Lead
exposure can be effectively screened using erythrocyte
protoporphyrin analyses (25).

Although mathematical relationships have been de-
veloped between erythrocyte protoporphyrin levels and
blood lead levels, biomarkers of effect do not really aim
at an estimation of exposure and have not been validated
for this purpose either.

Health risk assessment

Changes in hem synthesis in bone marrow are well vali-
dated and have been extensively studied. However, it has
not been demonstrated that their link to the critical neu-
rophysiological effects of lead is closer than that of an
integrated blood level value. They, especially protopor-
phyrin in erythrocytes, are analytically simple and have
been successfully used. When accurate lead analysis is
available, they do not offer advantages over blood-lead
measurements.

Cholinesterase inhibition is easy to analyze, well val-
idated, and has been extensively studied — and it has
proved to be very useful in the prevention of cholineste-
rase poisoning. However, its relationship with low ex-
posure and possible long-term effects is not clear-cut —
it may be that an analysis of alkylphosphates in urine may
be more appropriate (26).

A large number of biological parameters has been
studied as possible markers of adverse effects of chemi-
cals on the kidney (27—30). For some of them, the tar-
get locations in the kidney have been identified. In cad-
mium exposure, their health significance has also been
elucidated (31). For other chemicals, the predictive val-
ue of renal effect markers is, however, practically un-
known. In addition, the analysis of cadmium itself in
urine has a good predictive value for kidney toxicity, and
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thus the main application of the different effect markers
in health risk assessment would seem to be the identifi-
cation of the few unusually susceptible people who ex-
hibit kidney effects at cadmium levels at which the ma-
jority of the exposed do not suffer harm.

Biomarkers of genoloxic effects

The methods most often applied include cytogenetic
methods, such as chromosome aberrations, micronuclei,
and sister chromatid exchanges. There are also some
studies on the application of point mutations, notably at
the HPRT (hypoxanthine guanine phosphoribosyl trans-
ferase) locus. Especially the cytogenetic methods have,
in several instances, been used successfully in the iden-
tification of exposed populations (although they are very
nonspecific as far as the causative agent is concerned!)
and in the follow-up of the efficacy of exposure-reduc-
ing measures. It is apparent that no quantitation of expo-
sure can be achieved from these measurements. Further-
more, applying these markers requires careful planning,
including a consideration of the reference populations.
Thus they are ad hoc studies rather than routine biologi-
cal monitoring.

An update report was recently published on cancer
incidence and mortality in 2 European cohorts of people
for whom chromosome aberrations, sister chromatid ex-
changes, and micronuclei had been analyzed (32). The
people with the highest numbers of chromosome aberra-
tions were at an elevated overall cancer risk — no such
risk was observed for sister chromatid exchanges or mi-
cronuclei (for which the number of people studied and
the average follow-up time were lower, however). It
seems thus that chromosome aberration analysis has pre-
dictive value as far as cancer is concerned, and elevated
levels indicate a group with an elevated risk.

An elevated frequency of HPRT mutations has been
observed among cyclophosphamide production workers,
and workers exposed to ethylene oxide, and styrene or
dichloromethane, in lamination work. A correlation of
HPRT with exposure and with adduct levels was ob-
served among PAH-exposed foundry workers, and a cor-
relation with individual adduct levels, but no overall el-
evation of the HPRT level, was found among garage
workers (20). However, the inter- and intraindividual
variation in the HPRT frequency is large; it is also de-
pendent on age and affected by smoking (33, 34). Thus
a positive finding for HPRT in a well-controlled moni-
toring program can be taken as an indicator of exposure,
while a negative result does not exclude exposure, and
no quantitation of exposure or effect is possible from the
results.
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Biomarkers of susceptibility

There seem to be important differences in the sensitivity
of different people to chemicals. In similar exposure cir-
cumstances, not all people encounter an adverse health
effect and the severity of the effect varies between per-
sons. Many environmental chemicals are toxic to the or-
ganism only after being transformed in the body to ac-
tive chemical species, which are then detoxified by oth-
er enzyme-catalyzed reactions in the body. Thus, intui-
tively, it must be the balance between the enzymatic re-
actions that generate the active species and those that
detoxify such active species that determines the toxic
outcome in the body — and explains the differences in
individual sensitivity.

For many chemicals, the reactions catalyzing activa-
tion and detoxification have been characterized, and there
is intense research in progress on the application of the
measurement of these enzyme activities or their proxies
as biomarkers of susceptibility (ie, in assessing the sen-
sitivity of different people to chemicals, or at least in
identifying people that would be at a high or low risk if
and when exposed.

Among the xenobiotic metabolizing enzymes that
have been the most extensively studied as contributors
to individual health (mainly cancer) risk are the differ-
ent cytochrome P-450-dependent monooxygenases
(CYP), glutathione S-transferases (GST), and N-acetyl-
transferases, out of which CYP have mostly an activat-
ing role, while the conjugating enzymes mainly play a
detoxifying role, in the metabolism of chemicals. There
is a recent surge in studies on xenobiotic metabolizing
enzymes as biomarkers of susceptibility, mainly because
of the possibilities to analyze the variations directly on
bases other than phenotype (ie, enzyme activities), as has
been done for decades already. It is however, by no
means apparent that the genotype would reflect individ-
ual sensitivity better than the phenotype (35, 36).

CYP,,, catalyses the activation of polycyclic aromat-
ic hydrocarbons and is located mainly in tissues other
than the liver. It is thus of interest in the carcinogenesis
induced by a variety of occupational situations (coal gas-
ification, foundries, aluminum production, coke produc-
tion, exposure to coal tars and coal tar pitches, soots, to-
bacco smoke, etc). Correlations between CYP, ,, variants
and lung cancer have been reported mainly in studies on
southeast Asian populations (37, 38), but no similar clear-
cut picture emerges from studies performed in Europe or
North America (39—44).

CYP,4 is another CYP variant for which several ge-
netic variants have been described. It catalyzes the me-
tabolism of several model substances which allow the
determination of its activity in vivo. Although no role
has been proposed for this CYP in the metabolism of
known human carcinogens or occupational toxins, the

relationship of its genotype and phenotype with many
types of cancer has been extensively studied. No clear
picture, however, has emerged (45—48).

Glutathione S-transferases are a family of enzymes
that render electrophilic chemicals less reactive; they
have generally rather low substrate specificity, and thus
different variants can compensate low levels of other var-
iants. Therefore, it is not surprising that studies on the
relationship between different variants of GST M, P, and
T and diseases (mainly lung cancer among smokers) have
all given rather uninterpretable results in that positive
findings have been followed by completely negative re-
ports in other populations (38, 41, 49—55).

N-acetylation is a step in the detoxification of aro-
matic amines (among others), several of which (eg, ben-
zidine, aminobiphenyl, 2-naphthylamine, methylene-
bis(dichloroaniline)) are known as occupational carcin-
ogens, and they mainly induce bladder cancer. Aromatic
amines are also thought to cause increased bladder can-
cer incidence among smokers. Acetylation is catalyzed
by the N-acetyltransferases NAT, and NAT,. There is a
large number of studies on the relationship between the
polymorphisms of NAT, and NAT, and the incidence of
bladder cancer, and also some on colon cancer. Older
studies on the phenotype based on the slow or fast
acetylation of a model compound in vivo suggested that
the risk of bladder cancer was higher among slow
acetylators than it is among fast acetylators (56—66); in
some of the studies the difference was more marked when
there was exposure to aromatic amines, such as occupa-
tional exposure or tobacco smoke. More recent studies
on the genotype NAT, and also of NAT, seem to yield
similar findings (67—72). However, the relative risks
have generally been rather low, less than 1.5, and, in
some studies, no association between acetylator status
and bladder cancer risk has been observed among patients
with or without presumed exposure to aromatic amines
(73, 74). Furthermore, in several (but not all) studies, a
relationship between colon cancer and acetylation status
has been reported. Slow acetylators, who are thought to
be at a low risk of urinary bladder cancer, seem to have
an elevated risk for colon cancer (75—79).

When judging the information on the use of biomar-
kers, and especially the use of the polymorphism of xe-
nobiotic metabolizing enzymes, as indicators of individ-
ual susceptibility, one should note that, first, most of the
studies performed so far have had a poor assessment of
exposure, and practically none have had a clear-cut,
quantitated exposure to a single chemical. Thus there is
a very important random misclassification which decreas-
es the power of the study. Because of mixed exposure,
one would expect only a part of the cancers observed to
be due to the agent of interest (ie, to the agent, the me-
tabolism of which is crucially catalyzed by the enzyme
studied). Second, if and when there has been exposure
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to the chemicals of interest, the exposure has generally
been low, and therefore also the expected relative risk of
the disease has been low. Thus the fraction of the dis-
ease attributable to the agent of interest is low. Most can-
cers observed have been caused by factors other than the
chemical of interest. Altogether, then, it is surprising that
any positive findings have been reported so far. The ques-
tion of the usefulness of biomarkers of susceptibility can-
not be solved by simply analyzing the genetic polymor-
phism in existing tissue specimens of patients with a dis-
ease and comparing the results with data from healthy
populations; rather, the tedious means of old-fashioned
occupational epidemiology with strong emphasis on ex-
posure assessment is called for.

It seems that, currently, biomarkers of susceptibility
cannot be applied in the protection of workers against
adverse health effects from exposure to chemicals. The
specificity and sensitivity of all the present assays are far
too weak for application on an individual level. Rather,
the work conditions have to be such that all persons are
protected. When the multiple exposures at the workplace,
the multiplicity of parallel and competing enzymatic
pathways for many xenobiotics in the body, the possible
differences of rate-limiting steps in the enzymatic path-
ways at different levels of exposure, and the difficulties
in epidemiologic validation studies are considered, it is
unlikely that major steps forward can be taken during the
next few years. The situation may be different on the
scale of insurance mathematics since even low relative
risks may be reflected as large amounts of money when
applied to big population groups. This application of bio-
markers of susceptibility has nothing to do however with
the protection of the worker — the worker should be pro-
tected against such use of biomarkers.

Future trends

The development of biomarkers, and especially their ap-
plication in worker health protection, depends on chang-
es in society and the balance of forces therein.

There is a marked trend toward “liberalization” in
Western societies, meaning that the fittest survive and
the societal safety nets are disbanded. At the workplace
this trend leads to decreasing regulation and emphasis on
maximal productivity. If this development continues,
there will be less and less worker health protection —
and biomonitoring will shrink to an occasional analysis
of lead in blood.

There is also a trend toward a society of ubiquitous
litigation — and litigation where time sequence of events
is considered to prove causality. This trend will lead to a
need to demonstrate that no exposure took place at the
workplace — and, since the only means of proving non-
exposure is biomonitoring, to a greatly increased need
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for biomarker use. It is clear that, since the litigation so-
ciety is in a world of liberalization, an alternative is to
transfer all manufacturing to areas where litigation is not
possible, and where the unionization of the worker is not
possible — and where little worker protection and no bi-
omonitoring exist.

In contrast to these rather gloomy perspectives, the
realization of the healthy worker as a major asset in the
enterprise (ie, acceptance of the fact that, in the long-
term, worker health protection is a good investment) is
also increasing. This trend will lead to an increasing de-
mand for biomarker use. However, in the world of eco-
nomic realities, there is also an accentuated requirement
for useful results of activities. Therefore uninterpretable
figures from biomonitoring will not be paid for. There
will be heavy pressure to come up with a useful inter-
pretation of every analysis. Thus the validity — in terms
of the prediction of health effects or quantitative expo-
sure assessment — is a prerequisite for each biomarker.

The requirement of validity is especially conspicu-
ous in the case of markers of susceptibility, because, at
present, it is very limited if nonexistent for the purpose
of the protection of an individual worker. Unless validi-
ty can be convincingly demonstrated, and application in
the interest of the worker can be guaranteed, biomarkers
of susceptibility have no place in occupational health.

Major advances in validation can only be derived
from long-term follow-up studies with proper epidemi-
ologic design. A major challenge of occupational toxi-
cology is research into exposure-response relationships
on end points other than those available on death certifi-
cates. Perhaps the most pressing is the need to work on
central nervous system effects — in view of the huge
burden of diseases such as Alzheimer’s on the individu-
al and society.

In the short-term, important advances may be made
in the assessment of the quantitative relationship between
exposure and biomarkers. Such advances can then indi-
rectly be used in the assessment of health risks. A major
challenge is the investigation of the quantitation of der-
mal exposure. It would seem likely that inhalation expo-
sure, especially of volatile chemicals (in contrast to aer-
osols), will be equally well assessed by personal breath-
ing-zone air analysis.

The development of biomonitoring in recent years has
mainly been driven by the development of analytical ca-
pabilities. Sensitive and specific analytical methods have
been developed which allow the accurate measurement
of many chemicals of occupational exposure interest in
biological specimens. However, this development has
also led to the application of more and more expensive
(time, expertise, and instrumentation) analytical method-
ologies — to an extent that cost is the biggest hurdle in
doing effective biomonitoring, especially in the case of
chemicals with short half-times in the body, where only
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frequent analyses can guarantee the absence of high ex-
posures. If biomonitoring is to survive as a routine means
of exposure or risk assessment, analytical methods have
to be developed that cost next to nothing per analysis.
Such analyses can be used to screen for exposure. They
will be less specific than the present methods, and they
will only yield semiquantitative data on whether there
has been significant exposure or not. Such methods will
be applied (very) frequently, say after every workday.
Whenever they indicate excessive exposure, the day’s
exposure will be reviewed, and corrective actions infro-
duced. If judged to be necessary, the high-tech analyses
of today will be used to verify, exclude, or quantify the
exposure. The most likely avenues leading to such ana-
lytical methods are immunologic and receptor binding
assays, which have been extensively used in clinical phar-
macology, clinical chemistry, and even environment
analysis.

The application of biomarkers in occupational health
has, to a great extent, taken the form of continuous or
repetitive monitoring (80). If the development of low-
cost biomarkers for semiquantitative exposure monitor-
ing is not successful, the resources for biomonitoring
would be utilized better in an initial, extensive, and in-
tensive assessment of the exposure at the workplace and
technical assurance that the exposures will be continu-
ously low, with only occasional verificative analyses —
rather than in continuous automatic and monotonous
monitoring.
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