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3 Indicators of Human Exposure and Their
Use in Monitoring and Epidemiology*

The techniques available for the estimation and assessment of human exposure
to mixtures of chemicals include (a) chemical analysis of agents or adducts in
biological samples, (b) determination of biological alterations in human cells and
tissues, (c) clinical diagnosis of cellular, organ, or system injury, and (d)
epidemiological observations of exposures and responses. Epidemiological
studies can use chemical, biological, and clinical data and are essential to enlarge
our knowledge of the extent, severity, and significance of exposures to mixtures
of chemicals. There is a need to interrelate the results obtained by these
techniques with exposure estimates derived from the monitoring of chemicals in
air, water, and food.

3.1 CHEMICAL INDICATORS OF EXPOSURE

3.1.1 Methods for the Analysis of Chemicals in Body Fluids,
Tissues, and Excreta

Analytical methods for the determination of levels of chemicals and/or their
metabolites in body fluids (e.g. blood, saliva, breast milk, semen), tissues, or
excreta (urine, faeces, expired air) have been developed for a variety of chemical
classes. Lauwerys (1983) summarized the exposure literature and recommended
analytical methods to use in deriving exposure data for 69 compounds frequently
encountered in the workplace. These compounds included inorganic chemicals,
hydrocarbons (unsubstituted aliphatic, alicyclic, aromatic, and halogenated),
alcohols and aldehydes, amides, amino and nitro derivatives, plus a variety of
other chemicals classified by their biological action such as asphyxiants,
hormones, and pesticides. The methods recommended were designed to identify
single compounds or limited sets of related derivatives such as metabolites, and in
general are not useful for the analysis of complex mixtures, except for the
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selective identification of individual components of the mixture. In some
circumstances, analysis of one or more individual components as indicator
compounds can be used to provide an index of exposure to the mixture.
However, interpretation of such data must take into account that the biokinetic
rate constants established for single compounds may be significantly altered by
other components of the mixture. Most methods have been applied almost
exclusively in studies of occupational exposure and only in a few instances have
they been adapted to large-scale population surveys.

With respect to chemical carcinogens and mutagens, the analysis of biological
samples is less developed than the analytical methods used for detecting
carcinogens that can occur in food. Carcinogens for which methods are currently
available for their detection in food, and their approximate limits of detection,
include aflatoxins (0.5-2 ng), aromatic amines (1-25 ng), diethylstilboestrol (50-
100 ng), volatile nitrosamines (0.5-3 ng), and vinyl chloride (100 ng). With the
exception of aflatoxins, diethylstilboestrol, and vinyl chloride, the suitability of
these methods for the analysis of media other than foods, such as biological fluids
or tissues, has not been evaluated for most single chemicals or mixtures thereof,
and in many instances they cannot be used for the analysis of metabolites without
extensive modification. Also, they require rather elaborate equipment which
limits their utility for surveillance studies requiring analysis of lar.genumbers of
samples. More methods are available for the detection and determination of
aflatoxins than for any other class of carcinogens (see, for example, Egan et al.,
1982).Methods originally developed for the analysis of oilseeds and grains have
been adapted for the analysis of edible tissues and the milk of animals in order to
minimize human exposure through residues of the parent compounds or
metabolites. These methods have also been applied in the analysis of tissues of
people suspected of having been exposed to aflatoxins.

All the above methods are based on extraction, purification and quantification
of chemicals by procedures that are largely based on their physicochemical
properties. The rapidly developing fieldof immunoassays has great potential, but
so far has been applied only to a limited extent for the detection of metabolites of
carcinogens (aflatoxins and 4-aminobiphenyl) in urine. Immunoassays have not
yet been applied to human studies.

Development of analytical methods suitable for the measurement of exposure
to complex mixtures will require extensive additional research. Promising
avenues for further inquiry include the possible development of physicochemical
instrumentation for generic detection of chemical classes (e.g. thermal energy
analysis of N-nitroso compounds), or the development ofimmunoassays capable
of recognizing structurally related classes of chemicals. Current methods for
evaluating exposures to complex mixtures have generally been restricted to the
detection of only one component of the mixture (such as benzo[a]pyrene)
thought to be responsible for the toxicity ofthe mixture. In many cases, however,
the activity ofthe singlecompound does not reflect that of the mixture as a whole.
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Exposure to polynuclear aromatic hydrocarbons is routinely done using
personal samplers which draw potentially contaminated air through resin filters
trapping hydrophobic compounds. Gas-chromatographic analysis of the eluted
filter permits separation and identification of the mixture's components.

3.1.2 Covalent Macromolecular Adducts

Chemicals that are active as carcinogens and mutagens have electrophilic
properties, or are metabolically converted to electrophiles. These reactive forms
of compounds attack nucleophilic centres in nucleic acids and proteins, resulting
in the formation of covalent adducts. Particular emphasis has been placed on
DNA adducts, since these are considered to represent initiating events that may
lead to mutations and malignant transformations. Indeed, it has been empirically
established that the carcinogenic potency of a large number of chemicals is
proportional to their ability to bind covalently to DNA (Lutz, 1979). When
reacting in vivo with DNA, this ability is expressed by the so-called 'covalent
binding index' (Lutz, 1979). Covalent adducts formed with RNA and proteins
have no putative mechanistic role in carcinogenesis, but may relate quantitat-
ively to the total exposure and activation. Therefore, they represent potential
dosimeters both for exposure and for levels of activation.

It is known that covalent adducts have differing levels of stability. Some are
removed spontaneously through depurination, for example, whereas others are
removed enzymatically through DNA repair processes. A small number of
adducts remain in DNA for long periods of time. In the few experimental models
in which appropriate measurements have been made, adducts removed spon-
taneously or enzymatically from DNA have been excreted in urine in amounts
that reflect the total binding level. In contrast, those protein adducts that have
been examined are stable over the lifespan of the modified protein, and therefore
accumulate with time to give an integrated measure of exposure.

These properties of covalent bonding collectively form the basis for several
complementary approaches to the development of chemical dosimeters, each
with its own characteristics and providing different kinds of information.
Measurement of DNA adducts in situ (i.e. in the DNA of cells) should give the
most direct evidence of exposure to genotoxica agents. Measurement of DNA
adducts (or their products) in urine should give an indication of total recent
exposure. Protein adducts, by contrast, should provide an index of total exposure
integrated over the lifespan of the target proteins. This rationale is reflected in the
experimental approaches summarized in the following sections.

a The term 'genotoxic' characterizesany event that involveschemicalmodification,repairor
rearrangement of nuclear DNA (Ashby, 1982).
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3.1.2.1 Protein Adducts

Ehrenberg and Osterman-Golkar (1980) reviewed the rationale and technical
requirements for the use of protein alkylation for detecting mutagenic agents.
Important among these requirements is that exposure must result in the
formation of stable covalent derivatives of amino acids for which assay methods
of adequate sensitivity and specificitycan be devised. Further, the target protein
should be found in easily accessible fluids (e.g. blood) and should be present in
concentrations adequate to provide sufficient material for analysis. Among the
amino acids likely to be alkylated are cysteine, histidine, lysine, and the N-
terminal amino acid of the protein. Although any protein could be used for the
monitoring of the alkylated derivatives of these amino acids, haemoglobin was
suggested by Osterman-Golkar et al. (1976) as a suitable dose-monitoring
protein, and virtually all the available literature on this subject concerns studies
of haemoglobin alkylation.

Calleman et al. (1978) carried out a study of haemoglobin alkylation in people
occupationally exposed to ethylene oxide. Blood samples were obtained from
exposed persons and the levels of exposure were estimated from continuous air
monitoring data. Haemoglobin was analysed for the presence of N-3-(2-
hydroxyethyl)histidine by mass spectrometry and by ion-exchange analysis of
amino acids. The authors concluded that haemoglobin alkylation values
accurately reflected the exposure and were in good agreement with data derived
for ethylene oxide exposure in the mouse.

Farmer et at. (1980) developed a high-resolution gas chromatography/mass
spectrometry (GC/MS) method for estimating the formation of S-
methylcysteine in haemoglobin following exposure to methylating agents. This
method has been used to study in vivo alkylation of haemoglobin in rats dosed
with alkylating agents (Bailey et al., 1981).A low level of naturally occurring S-
methylcysteine was found to be present in the haemoglobin of the rat and of 13
other animal species. These findings emphasize the importance of careful dose-
response studies in animals for each compound for which human exposure data
are to be obtained by this method. Farmer et at. (1982) also devised a GC/MS
method for the detection of hydroxypropyl histidine in haemoglobin as a measure
of exposure to propylene oxide.

Pereira and Chang (1981) surveyed the ability of carcinogens and mutagens
representing a broad spectrum of chemical classes to bind covalently to
haemoglobin in rats. Animals were dosed with 14C-labelled test compounds at
levels of 0.1-10 J.lmol/kgbody weight and blood was collected 24 hours later.
Covalent binding was determined by analysis of purified haemoglobin for bound
radioactivity. All carcinogens/mutagens were found to form covalent adducts
with haemoglobin, but the ability to do so varied over a wide range (binding
index from 10.2 to 3322 pmol/g haemoglobin/ J.lmol/kgbody weight). It should
be emphasized that the magnitude of this index, unlike the binding to DNA
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mentioned earlier, did not reflect their potency as carcinogens for the rat. In those
instances in which the compounds were administered at more than one dosage,
however, the haemoglobin binding index was dose-related. These studies have
not been used with mixtures of chemicals. The authors concluded, therefore, that
this approach was potentially applicable to the dosimetry of some environmental
carcinogens at ambient levels of exposure.

3.1.2.2 DNA Adducts

Measurements of the levels of DNA adducts can be made in the cells of an
accessible tissue (e.g. white blood cells, biopsy, or autopsy samples). Provided the
chemical nature and stability of the DNA adducts for the compound of interest
had been fully characterized, identification and quantitative determination of
adduct levels could indicate, for that individual, not only the exposure history
but also his capability to activate a carcinogen to DNA-binding forms.

H is well established that many carcinogens form a complex spectrum of DNA
adducts, involving covalent binding to various nucleophilic sites on all four
DNA bases, as well as on the phosphate residues of DNA. Thus, from a
qualitative viewpoint, detection of all DNA adducts derived from even a single
carcinogen can present a complex analytical challenge. Quantification of adduct
levels is complicated even further by the fact that adducts are removed from
DNA by chemical or enzymatic processes at different rates, even within the same
cell; these rates can also vary substantially from one cell type to another.

Most of the currently available information on DNA adducts in experimental
systems has been obtained by physicochemical or radiochemical methods. The
usefulness of these methods for monitoring humans is limited by their relative
insensitivity (physicochemical) or inapplicability (radiochemical) compared with
experimental animals. However, immunological techniques are being developed
which may become useful in detecting DNA adducts in people exposed to
carcinogens under ambient conditions. The determination of carcinogen -DNA
adducts by immunological procedures has certain advantages over other
techniques. The sensitivity is frequently better than that obtainable with
radiolabelled carcinogens (which are usable only for experiments in any event).
Antibodies are specific for a particular three-dimensional structure and can be
used to probe the conformation of unknown DNA adducts. Immunological
assays are rapid, highly reproducible, and can be used in situations where the cost
or availability of radiolabelled carcinogens would be prohibitive. The high
sensitivity and the capability of detecting non-radioactive adducts would
therefore suggest the use of immunological assays in monitoring human tissues.
In addition, immunological techniques can be applied together with morpholo-
gical procedures (electron microscopy and immunofluorescence) to localize
adducts in particular cells, subcellular compartments, or DNA molecules.

For immunological detection, antisera have been raised in rabbits for RNA
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and DNA adducts of aromatic amines, polycyclic aromatic hydrocarbons,
aflatoxins, and methylating and ethylating carcinogens. High affinity antisera
have been elicited either with nucleotide adducts covalently bound to a protein
carrier, or with modified DNA that is coupled electrostatically to a protein
carrier. The properties of these antisera have been reviewed by Poirier (1981).
Monoclonal antibodies have also been produced that bind carcinogen-DNA
adducts with a high affinity. These antibodies have been reviewed by Muller and
Rajewsky (1981).

Preliminary studies are in progress in which monoclonal antibodies have been
used to determine the occurrence ofbenzo[a]pyrene adducts in white blood cells
and in tissues of individuals who might have had substantial exposure to this
compound, such as roofers, shale oil workers, and lung tumour patients.
Experience to date indicates that the use of antibodies has potential value for
epidemiological studies, but that significant problems remain to be solved. For
example, although monitoring benzo[a]pyrene adducts in individuals may
provide an index of exposure to certain complex mixtures, it may not reflect the
risk associated with such exposure and may therefore be of limited value. These
problems and some suggestions for possible field studies are discussed in an
IARCjIPCS Working Group Report (1982).

Post-labelling methods to detect and characterize carcinogen -DNA adducts
have been described by Gupta et at. (1982). DNA-containing carcinogen adducts
are subjected to enzymatic analysis under conditions which, when carried to
completion, produce a mixture of normal and 'adducted' nucleotides, with the
phosphate localized on the 3'-position of deoxyribose. The nucleotides are then
subjected to phosphorylation by means of polynucleotide kinase, using y-
32P-ATP as the source of 32P.This substrate can be obtained with extremely high
specific activity, so that nucleotides that are radiolabelled in the 5'-deoxyribose
position also have a high specific activity. Unmodified nucleotides are removed
by thin-layer chromatography (TLC) or high-performance liquid chromatog-
raphy (HPLC), and the mixture of adducted nucleotides is resolved with two-
dimensional TLC and then subjected to autoradiography. The presence of
adducts is demonstrated and the quantitative estimation of their levels is made by
densitometry of autoradiograms.

Gupta et at. (1982) have applied this method to studies of DNA that has been
modified by bulky aromatic carcinogen adducts formed in vivo with derivatives
of 2-aminofluorene, acetylaminofluorene, and benzo[a]pyrene. The method
showed great sensitivity and was able to detect adducts at the level of 1 in 107-
108DNA bases. This method has, therefore, a great potential for application to
studies of human populations. However, much further development is required.
For example, in its present form, the method is only applicable to DNA that is
modified by bulky aromatic carcinogens, and new hydrolysis and separation
techniques will be required to permit its application to alkylated DNA.
Furthermore, identification of individual adducts will be impossible until
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reference standards for each adduct become available and their properties
determined. Since, as discussed earlier, each carcinogen forms a complex mixture
of DNA adducts, this development will require much additional research. As
exposure to a complex mixture of potentially toxic chemicals may result in an
even more complex mixture of DNA adducts, those adducts which reflect risk
must be identified if this technique is to prove useful for monitoring population
exposure to chemical mixtures.

3.1.2.3 Adduct Excretion

Another approach to the monitoring of DNA adducts that is also being explored
takes advantage of the fact that adducts removed from cellular DNA (and also
from RNA) are excreted in urine. In principle, the detection and measurement of
excretion rates of adducts could provide information on the recent exposure
history of the subject, and also possibly an indication of the individual's
capability for DNA repair. Thus, studies of urinary excretion of adducts would
provide data that are complementary to the measurement of adduct levels in the
cellular DNA of the same individual.

Dosimetry by detection of DNA adducts in urine has been explored in two
experimental studies. In the first study, Bennett et a/. (1981) found that rats dosed
withaflatoxinB1 excretedintheirurinea largefraction(about 35%)ofthe major
N1-guanine adduct of the carcinogen during the 48-hour period after a single
injection. The adduct was isolated from urine by a combination of preparative
and analytical HPLC and was quantified by absorbance at 365 nm. The method
allowed reproducible quantitative measurement of adducts in urine from rats
treated with doses as low as 0.125 mgjkg body weight. Further, application ofthe
method to rats treated with different doses of carcinogens showed that the
amount of adduct excreted bore a constant relationship to peak adduct levels in
the liver. Thus, one condition for an adequate dosimeter was met: the amounts of
adducts in urine were quantitatively related to the adduct levels in the target
tissue. However, the sensitivity of the method was still insufficient to detect the
low levels of aflatoxins to which human populations are exposed, and further
methodological development was required.

Regarding the second experimental study, Donahue et a/. (1982) reported an
improvement that attained that objective. These authors modified the chromat-
ography, and, most importantly, increased the sensitivity by replacing the
measurement of absorbance by labelling the adduct with [3H]-dimethyl sulphate
and determining the radioactive product, [3H]-9-methylguanine.

Experiments with similar objectives were carried out with dimethylnitro-
samine (DMN) (Hemminki, 1982). Rats were treated with an injection of [l4C]-
DMN, and their urine was collected during the succeeding fivedays. Radioactive
material was extracted and separated by Sephadex G-IO chromatography, and
the main DMN-derivedadducts were tentativelyidentified.These includedN-
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acetyl-S-methylcysteine,I-methylhistamine,S-methylcysteine,and methionine,
allantoin, and 7-methylguanine. Although dose-response relationships had not
been determined, these results illustrate the potential applicability of this method
to human monitoring if suitable procedures for detecting the adducts can be
devised. They also illustrate the complexity of the adduct mixtures formed by
alkylating agents such as DMN. Again, however, for these methods to be useful
in measuring complex mixture exposures, those adducts that are important in
creating toxicity in a particular mixture would have to be identified.

3.2 BIOLOGICAL INDICATORS OF EXPOSURE

3.2.1. Internal (In Vivo) Detection Methods

3.2.1.1 Rate of Drug Elimination

One commonly used, simple, and convenient method to detect the effects of
exposure to mixtures of chemicals in human subjects is the indirect measurement
of changes in the hepatic mixed function oxidases (HMFOs, EC 1.14.14.l)a
produced by some substances. For example, test substances such as antipyrine
and aminopyrine can be administered orally in single, safe doses and their
concentrations in saliva or breath measured as a function of time to obtain
biokinetic values (for details see Vesell, this volume). Under experimental
conditions this method has been employed successfully to quantitate the effects
on the activity ofHMFOs of chemicals and drugs, applied both individually and
in combination. However, when it was used to establish dose-response
relationships for such effects in human subjects who smoked cigarettes, or had
been exposed to insecticides, PCBs, or organic solvents in paints, various
practical and conceptual shortcomings limited the application of the method.
For this reason, rates of elimination (clearances) of several such test substances
should be measured, rather than of just one or two, to assure the general validity
of conclusions drawn after administration of only one test chemical. The
following reservations with regard to the application of this method to detect
biological effects of mixtures of chemicals should be noted:

(1) Changes in the activities of HMFOs are usually produced predominantly
by lipid-soluble drugs and chemicals. Chemicals that are not lipid-soluble
generally fail to reach and penetrate the hepatic smooth endoplasmic reticulum
in sufficient concentrations to alter the activity of the HMFOs located there.

(2) Exposure to chemicals must be sufficiently high to produce a change in
HMFOs. For example, oral intake of most chemicals must attain approximately
80-100 mg/day for several days to induce these enzymes (Vesell, this volume)
although the necessary dose may vary significantly.

a Enzyme Commission (EC) numbers and common abbreviations and synonyms are listed where
applicable and if readily available (International Union of Biochemistry, 1979).
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(3) The cytochromes P-450 that playa major role in the function of HMFOs
are now recognized to exist in many molecular forms. At least 8-10 such
cytochrome P-450 isozymes have been identified. Some investigators postulate
that there may be as many as 100distinguishable forms (Nebert, 1979).Different
chemicals and chemical mixtures induce a different combination of cytochrome
P-450 isozymes. Since each test drug is biotransformed by only a small fraction of
the total number of cytochrome P-450 enzymes, no test drug or combination of
test drugs could be sufficiently sensitive to detect changes in all these isozymic
forms. However, the test drug approach has recently been considerably refined to
include measurement of rates of production of the major metabolites of a test
substance such as antipyrine, rather than just the rate of elimination of the parent
drug. Nevertheless, even the measurement of the three main metabolites of
antipyrine cannot be expected to reflect adequately the change in the numerous
isozymes of cytochrome P-450.

(4) Serial measurements with a test drug and its urinary metabolites should be
performed with the same subject to document changes in the activity of the
HMFOs of that subject. It is very difficult, if not impossible, to interpret
accurately only one measurement in one subject. The use of each subject as his
own control considerably refines this approach, and enhances its sensitivity as a
test to identify the internal effects of exposure to mixtures of chemicals.

(5) The HMFOs are readily perturbed by numerous environmental factors
summarized in Figure 3.1 (from Vesell, this volume). Since many diverse
environmental factors, in addition to exposure to a specificmixture of chemicals,
can alter a particular subject's HMFOs, valid interpretation of such changes
may at times require accurate historical information for each subject, as well as
additional laboratory studies. In clinical studies of human subjects, it is advisable
to control as many of these additional environmental factors as possible and vary
only the exposure to the mixture of chemicals, thereby facilitating the interpret-
ation of the results.

(6) The enzyme system that is mainly responsible for metabolism of drugs and
other chemicals in the liver (HMFOs) is not limited to the liver, but also occurs in
most other tissues as well. In extrahepatic tissues this enzyme system exhibits
slightly different properties from those displayed by HMFOs. For example, in
extrahepatic tissues a different pattern of induction is often observed after
exposure to a chemical. Thus, in different tissues, different patterns of toxicity
can be observed from those in the liver, and can be detected by methods based on
test drugs.

Despite these reservations and caveats, the sequential elimination rates of
some test compounds such as antipyrine or aminopyrine in carefully controlled
and evaluated clinical studies have proved to be very useful in providing
information on how such chemicals alter HMFOs when applied alone or in
combination (for details see Vesell, this volume). Further applications of this
approach should continue to provide essential information on whether some
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Figure 3.1 This circular design suggests the multiplicity of well-established or suspected
host factors that can influence the response of human subjects to environmental chemicals.
To indicate the close interrelationship among many host factors, a line joins them in the
outer circle. Arrows from each factor in the outer circle are wavy to indicate that effectsof
each host factor on drug response may occur at multiple sites, which include sites at which
environmental chemicals are absorbed, distributed, metabolized, excreted, bound to
receptors and combinations thereof

mixtures of chemicals affect HMFOs, but valid interpretation of these results
requires awareness of the limitations and pitfalls of the method.

The most accurate and sensitive method to measure the potential induction of
HMFOs by exposure to mixtures of chemicals is to use a series of concentrations
and measure the kinetics of elimination for each potentially interacting chemical.
This would determine whether, when applied in combination, their kinetics differ
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from that observed after the administration of each chemical alone (see Vesell,
this volume).

Measurements of the metabolites of endogenous chemicals, such as 6[3-
hydroxycortisol and glucaric acid, as indicators of induction ofHMFOs have not
proved reliable; they are beset with methodological problems which include the
presence of urinary activators and inhibitors (Smith and Rawlins, 1974).
Therefore, these tests are not widely used at present. Although assays of the
activity of fhe serum enzyme y-glutamyltranspeptidase (EC 2.3.2.2) have also
been advocated to detect induction of HMFOs, such claims have not been
confirmed.

3.2.1.2 Cytogenetic Changes Induced in Blood Cells

Chromosomal analysis of peripheral human lymphocytes is the most commonly
used technique for monitoring human populations exposed to genotoxic
chemicals and could be useful for the study of mixtures of chemicals. A recent
adaptation of this technique is to monitor the same cell population for the
chemical induction of either micronuclei or sister chromatid exchanges (SCEs)
(Mackay et ai., 1983; Sorsa et al., 1982). A detailed analysis of the 113 human
studies reported in the literature is given in the two papers of Ashby and Kettle,
and Zhurkov et al. (this volume). The following discussion focuses on the relative
strengths and weaknesses of these techniques, and attempts to outline the
minimum requirements for a valid study.

Exposure Details and Individual Histories Exposure data should include such
details as the duration of exposure, the average concentration of contaminant (s),
e.g. in the inhaled air or in contact with the skin, and peak excursion values
(maximum deviation from normal values). Some subgroups can be identified in
advance as more likely to be heavily or lightly exposed. A critical variable for
assessment of monitoring results is the period of time elapsed since exposure
ceased. Equally critical is that personal records of the exposed individuals are
maintained; these should include details of smoking and drinking habits, recent
viral infections, therapeutic treatments and, of course, age and sex. This
information is important when evaluating exposure data, or even earlier when
selecting control groups. To build an accurate and comprehensive record
remains a challenge under practical working conditions.

The Size of the Exposed Groupand Selection of the Control Group The larger and
more homogeneous the exposed group, the easier it is to interpret the results.
Under optimal circumstances a matched control group should be selected that is
at least similar in size to that of the exposed group. Whenever the exposed group
is small in size and heterogeneous, greater care must be taken in selecting the
control group(s). If the exposed group becomes very small (e.g. below ten
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individuals), then serious consideration should be given to selecting two
accurately matched controls for each individual, accompanied by individual
statistical evaluation of the variance. Reference to historical control variations
also may prove beneficial when small groups are studied. The dangers implicit in
studies of small groups are elaborated in Ashby and Kettle's paper (this volume).

A related issue to be considered is the evaluation of individuals prior to
entering a particular environment so that they may act as their own controls in
possible future studies.

Statistical Design of Study Several recent papers have related the statistical
power of the study to the number of individuals included in the study and the
number of blood cells analysed. Such estimates are closely related to variations in
the control population (Bochkov et al., 1974; Carrano and Moore, 1982;
Kuleshov and Sram, 1982;Whorton et aI., 1979). Although this is not further
pursued here, careful attention to the statistical design and assessment of the
study is strongly encouraged (see Ashby and Kettle, and Zhurkov et al., this
volume).

Preparation of Slides for Evaluation Several factors require detailed attention
when designing a human cytogenetic study. These include the number of cells
analysedper individual,the period of storagebeforecultivation in vitro and the
actual period of cultivation. The number of cells analysed has a direct bearing on
the reliability of results (Zhurkov et al., this volume). It is usual to analyse 100
cells per individual and it is very important that all slides are coded and
randomized before analysis.

Several guidelines exist for the acquisition, storage and cultivation of
lymphocytes, preparation of metaphase chromosome spreads, and the scoring
and analysis of data (Buckton and Evans, 1973; UKEMS, 1983). Cultures are
fixed after the first mitosis following stimulation with phytohaemagglutinin. The
influence of storage conditions and time has not been studied in detail, but
Kagramanian (l981a,b) has demonstrated the absence of significant compli-
cations following storage at 5-21 °C for 24--48 hours.

Control Levels of Chromosome Aberrations The paper by Ashby and Kettle (this
volume, Table 1) reveals that little agreement exists on the rate of occurrence of
spontaneous chromosome damage in apparently normal (control) individuals.
Some of these divergences are probably due to uncoordinated reporting methods
and classification systems, and faulty experimental techniques (see Zhurkov et
al., this volume). However, some divergences may be due to the inherent
variability of control levels. Knowledge of the extent of such inherent or
technical variations is of paramount importance when attempting to interpret
the results of a study of small size. It is therefore suggested that there is a critical
need to standardize measurement and reporting techniques and to institute an
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international reference collection of control data; this does not remove the need
for concurrent controls. Perhaps the services of the Environmental Mutagen
Information Center (EMIC) in Oak Ridge could be called upon.

Data Analysis and Reporting The large number of data reporting systems in use
is discussed by Ashby and Kettle (this volume). In order to facilitate the
comparison of data generated in different studies and to allow independent
statistical assessment, it is proposed that all the primary data from a study be
tabulated and published. It may be useful to refer only to the percentage of
aberrant blood cells and the average incidence of cellular aberrations when
discussing such data, but primary data should always be provided. A minimum
form of tabulation has been given by the United Kingdom's Environmental
Mutagen Society (UKEMS, 1983).

Intervention Studies and Continuous Monitoring Great benefit may accrue from
serial sampling studies. For example, Anderson et al. (1980) were able to
demonstrate a return to normal SCE levels in those working with vinyl chloride
after industrial hygiene had been improved. By serial sampling, Sram (1982)
demonstrated the clastogenic properties of dimethylformamide in man. By
intervention sampling, Sram et al. (1983) also showed the value of vitamin C
treatment for workers continuously exposed to industrial mutagens. Re-entry to
the contaminated environment followed by a re-evaluation of the biological
marker provides a powerful indicator of the origin of the chemical stimulus.

Multiple Genetic End-point Assays An increasing number of studies evaluate
more than one genetic end-point in the study of cytogenetic changes in blood (e.g.
Mackay et al., 1983).As the measurement of some of these end-points is still in
the developmental stage (e.g. SCEs), it is recommended that, for the purpose of
comparison, evaluation of chromosome aberrations should form an integral part
of each study.

Research Trends Three main trends in research in this field can be identified:

(1) comparison of levelsof cytogenetic damage between groups living in regions
with different levels of identical environmental pollution (Pilinskaya and
Lvova, 1979; Pilinskaya and Zhurkov, 1977);

(2) analysis of chromosome damage in persons occupationally exposed to
known or suspected mutagens or carcinogens (Gebhart, 1982; Sorsa et al.,
1982); and

(3) analysis of chromosome damage in people accidentally exposed to known
mutagens or carcinogens, e.g. to tetrachlorodibenzo-p-dioxins in Seveso
(Bridgeset al., 1979).



48 Methods for Assessing the Effects of Mixtures of Chemicals

The information obtained from such studies will aid in the clarification of the
following issues:

(1) the reality and the extent of environmentally induced cytogenetic damage;
(2) the dose-response and time-response relationships;
(3) identification of causative mutagens or potentially dangerous environmental

situations;
(4) evaluation of the effectiveness of hygienic measures and environmental

regulations; and
(5) identification of individuals or groups at high risk.

Cytogenetic analysis of lymphocytes could provide quantitative information
on chemical mixtures. Since drugs and their metabolites are chemical mixtures,
these techniques may be applicable to clinical trials of new drugs. Several
anticancer agents have already been studied but these data are difficult to assess.
The drugs appropriate for study are those administered orally in high doses for
non-neoplastic disease treatment. The patient could act as his or her own control.

With the passage oftime, new cytogenetic techniques will become available. It
is suggested that these techniques be carefully evaluated before adopting them
for a surveillance programme, for example the lymphocyte mutation assay of
Albertini (1980). The experimental evaluation of a new technique should not be
confused with its use for the evaluation of an exposed group of human subjects
for genotoxic effects.

3.2.2 External (In Vitro) Detection Methods

In sections 3.2.1.1and 3.2.1.2 techniques suitable for identifyingchemically
induced changes in exposed people have been discussed. Techniques related to
the induction of genetic changes are essentially limited to cytogenetic analysis of
peripheral lymphocytes. The observation of chromosome aberrations- in these
terminally differentiated and mitotically inactive cells is difficult to relate to
future changes in phenotype such as cancer, but this technique nonetheless
provides a useful indicator of the presence of genetically active substances in the
individual. The induction of SCEs has the advantage that, unlike the presence of
chromosome aberrations, the event is probably not lethal to the cell. However,
the possible phenotypic significance of an elevation of SCEs is uncertain, and
methodological differences may result in large variations in the 'control' levels.

Finally, the induction of morphologically abnormal sperm provides tentative
evidencethat the exogenous chemicalsunder study may have reached the gonads in
an active form. The uncertainties associated with this technique are due to the
possible induction of sperm abnormalities via hormonal or other changes
induced elsewhere in the host by the chemical (i.e. they do not provide definitive
evidence of the presence of the chemical in the gonads) and to the fact that
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morphological changes do not provide proof of a heritable genetic change, albeit
they invariably seem to precede it (Topham, 1981).

An alternative approach is, therefore, to study body tissues or fluids in vitro
following exposure of the individual to chemicals in vivo. In this way the presence
of effects induced by a chemical mutagen in vivo may become apparent in vitro,
although they may not be evident in vivo.

In addition to invasive techniques such as liver and bone marrow biopsy, five
body fluids are available for study: blood, urine, faeces, semen, and breast fluid.
Breast fluid aspirates of non-lactating women have been used to evaluate
mutagens (Petrakis et ai., 1982). The applicability of this method in human
surveillance is unclear. Effects on sperm morphology and motility are discussed
in section 3.3 and briefly in the paper by Fallon (this volume) and will not be
pursued further here. In vitro fertilization studies, although definitive, would not
be practical or might not be ethically acceptable.

3.2.2.1 Blood Sampling Techniques

The ability of the lymphocytes of an individual to repair chemical damage
induced in vitro and consequently to display a finite incidence of unscheduled
DNA synthesis and 'induced' mutations presents an attractive means of
monitoring the effects of exposure of human cells to chemicals. Two techniques
have been described: a reduced ability of lymphocytes exposed in vivo to
undertake unscheduledDNA synthesisin vitro (Peroand Mitelman, 1979;Pero
and Norden, 1981), and the selection of high-risk individuals by demonstrating
the sensitivityof theirlymphocytesto mutagensin vitro (Pilinskaya,1982,1985a).
Both techniques are superficially attractive but will require careful evaluation
before adoption. The most important issues to resolve include demonstration of
individual sensitivities and variations in control levels (such as circadian
variation and variation during infection), interlaboratory methodological
variations and, perhaps of greatest importance, the clear definition of
'challenge" chemicals (see Ashby and Kettle, this volume, for 113 specific
recorded examples).

3.2.2.2 Urine Analysis Techniques

Several studies have been published on bacterial mutation assays for detecting
mutagens in human and rodent urine (Brusick, 1982;Durston and Ames, 1974;
Sorsa et al., 1982).Similar techniques are under development for monitoring the
ability of mutagen-containing urine to induce SCEs in rodent cells and

a Selective sensitivity to genotoxin A may haveno bearing on the presumed equal sensitivity to
chemical B; e.g. sensitivity to vinyl chloride may not be an alert to a sensitivity to benzidine, etc.
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cytogenetic damage in human lymphocytes (Pilinskaya, 1985b). Again, the
attractiveness of such techniques warrants further coordinated development.
Although the use of mutagenicity tests in analysing urine is an unspecific method
with regard to the agent(s) to be monitored, it is specific with regard to the
genotoxic character of the health hazard. This technique may be convenient for
evaluating the mutagenicity of complex mixtures.

Three major methodological issues require attention:

(I) If the body excretes a natural or metabolically derived electrophile as an
inactive conjugate, then it becomes important to decide whether this
metabolite should be 'deconjugated' before or during bioassay. By so doing,
the sensitivity of the test is increased, but perhaps at the expense of its
relevance to risk assessment.

(2) The concentration, fractionation, and extraction of urine samples before the
bioassay will be associated with problems delineated by McGregor (this
volume). In contrast, the use of untreated, freshly voided urine samples may
suffer from reduced sensitivity,but may be more practical (Pilinskaya, 1985b).

(3) Control urine may be weakly mutagenic or c1astogenic, particularly in
smokers. The origin of these background mutagens requires study; one
possibility is that they result from an increase in the normal excretion of
endogenous mutagens when the kidney filtration function in the host is
modified by cigarette smoking. Thus, a greater amount of mutagens may
appear in the urine than is found in the identical control urine; however, this
may not qualify as an induced mutagenic response. The use of a monitor of
kidney function should thus accompany urine assays.

3.2.2.3 Faecal Analysis Techniques

This topic has recently been reviewed and assessed in detail by Venitt (1982) and
little can be added at this point. If carefully employed, faecal analysis may prove
a useful human surveillance technique, although it is probably more suited to
dietary studies than to environmental or industrial contaminant bioassays in
man. Nonetheless, in spite of the complications of biliary excretion and gut
microfloral deconjugation and intestinal re-uptake, this technique may form a
useful complement to urine bioassays.

These bioassays of the mutagenic potential of crude (extracts of) body fluids
and excreta could be particularly useful for detecting the effects of chemical
mixtures.

3.3 CLINICAL SURVEILLANCE TECHNIQUES

3.3.1 Changes in the Function or Structure of Organs and Systems

The chemical methods selected to estimate exposure to chemicals must test the
organs or systems that are known or suspected to be affected by those chemicals.
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Clinical assessment includes medical history, physical examination, and a variety
of routine or specialized laboratory tests. However, changes may also be due to a
variety of other factors including genetic differences, diet, personal habits,
medications, pre-existing disease, or additional environmental influences.
Therefore, the use of any clinical techniques in screening for exposure to chemical
mixtures must include careful assessment of these other factors before changes
can be attributed to specific chemical exposures.

The problem of clinical evaluation is further complicated by (a) the wide
variation in the involvement of different organs and systems in recognized toxic
injuries in man, (b) the individual variability of measurable clinical responses to
equivalent exposures, and (c) variability in the degree of structural and
functional injury. With these cautions in mind, possible clinical evaluation
techniques for several major organs and systems will be considered in some
detail.

3.3.1.1 The Liver

Liver structure and function are more often altered by exposures to chemical
mixtures than is the case for other organs, probably as a consequence of a large
blood flow, direct and heavy exposure to any agents that are ingested orally, and
the unique role of the liver in biotransformation reactions which may result in the
formation of more toxic metabolites, deactivation by conjugation reactions, or
both. Mixtures of chemicals may affect these processes in concert or in a
conflicting manner.

Symptoms of toxic liver injury include anorexia, nausea, abdominal dis-
comfort, weakness, and fatigue. These symptoms are not specificfor liver disease
and also are common manifestations of any form of liver injury. More specific
symptoms and signs of liver injury are right upper quadrant pain, jaundice, dark
urine, or abdominal swelling. However, all of these are usually observed in any
severe or advanced liver injury and would rarely be observed as early effects of
exposure to chemicals, alone or in mixtures.

Some physical findings are slightly more helpful. Hepatomegaly, especially if
associated with tenderness, frequently accompanies hepatocellular injury.
Icterus, ascites, oedema, splenomegaly, and hepatic encephalopathy are much
more advanced signs uncommonly observed as a consequence of chemical
exposures. Often there are neither symptoms nor signs of liver injury and only
laboratory tests of liver function will detect chemical injury. This is frequently
true for subtle and early liver injury, but may also be observed with advanced
injury due to some chemicals, such as methotrexate. In such cases, only
histological observation may reveal liver injury.

Laboratory tests are frequently altered during exposure to single hepatotoxic
chemicals or mixtures of chemicals. The most sensitive tests include monitoring
elevations in the levels of serum transaminases (aspartate aminotransferase,
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ASP, EC 2.6.1.1;alanineaminotransferase,ALT, EC 2.6.1.2;and y-glutamyl-
transpeptidase, y-GTP, EC 2.3.2.2) and serum bile acids. The serum ALT and y-
GTP are reasonably specific for liver injury, although y-GTP is sensitive to a
large number of agents and conditions in the absence of a recognized structural
or functional change. Serum bile acid levels are specific for liver injury and are
reasonably sensitive but have not been widely used to screen for chemical liver
injuries. The detection of elevations in serum ASP is a widely available test that is
moderately sensitive to hepatocellular necrosis, but levels are also elevated in
association with the injury of other organs including the heart, muscle, and
pancreas. Other liver function tests that are sensitive to hepatocellular or
ductular cell injury include serum alkaline phosphatase (EC 3.1.3.1), bilirubin,
and serum protein determinations (see Table 1 in the paper by Fallon, this
volume).

The most definitive test of liver injury is the histological examination of liver
biopsy samples. This procedure has a definite but extremely small risk of bleeding
or death and cannot be recommended unless other clinical or biochemical tests
indicate potential liver injury. A liver biopsy will often define the nature and
extent of disease. No histological pattern is absolutely specificfor an aetiological
agent, but common non-chemical causes ofliver injury may often be excluded by
biopsy, thereby providing stronger evidence for chemically induced liver disease.
Characteristic patterns of injury are well known for single chemical agents in
man including carbon tetrachloride, inorganic phosphorus, acetaminophen, and
methotrexate. Chemical mixtures are usually related to specific histological
changes other than those caused by single chemicals.

3.3.1.2 The Kidney

The kidneys are frequently affected by chemicals; they receive approximately
one-quarter of the cardiac output and are the site of excretion for most water-
soluble materials which may be concentrated in the renal tubular or collecting
system. Metals (e.g. mercury or lead), many organic compounds, therapeutic
agents (such as rhenacetin), as well as other chemicals may produce either
glomerulonephritis or interstitial nephritis.

Symptoms and signs of renal intoxication are rarely prominent except in the
late stages of disease. Either polyuria or oligouria could occur. Physical
examination is not informative unless advanced uraemia has developed. Injury
to the glomerulus may result in proteinuria or haematuria, whereas tubular
dysfunction more commonly affects the concentrating ability of the kidney.
Aminoaciduria, phosphaturia and urinary excretion of p2-microglobulin also
may occur with toxic injury. However, none of these changes is specific for
chemically induced injury, although some patterns are characteristic. These
include the aminoacidurias seen in some metal intoxications and the renal tubular

acidosis associated with toluene. Serum creatinine or blood urea nitrogen will
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rise only when glomerular filtration is reduced by more than 50 %below normal.
Renal biopsy will often reveal characteristic lesions (such as interstitial nephritis
caused by acetaminophen) but changes are not specific for particular agents or
mixtures unless accompanied by accumulations of toxic materials in appropriate
portions of the kidney. The risk of renal biopsy is approximately the same as that
of liver biopsy and should not be performed unless there is clear laboratory
evidence of unexplained renal disease.

3.3.1.3 The Lung

Toxic pulmonary injury is most likely to occur in association with inhaled
chemical agents, often by direct irritation. Many natural products and chemicals
may also act as allergens in susceptible human hosts, causing bronchoconstrict-
ive disease. Other agents such as silica or asbestos may cause diffuse fibrosis or
cancer.

Methods of detecting pulmonary effects include elucidation of symptoms and
signs, most often dyspnoea noted first during exercise, but later at rest. Cough,
asthma and sputum production may also be noted. Physical examination may
reveal changes of bronc hoconstriction, niles, consolidation, or effusion. None of
these changes, however, are specificfor chemical injury, and the smoking history
of the individual must always be considered when assessing pulmonary
abnormalities.

Functional evaluation of the lung will determine the type and severity of
pulmonary abnormality. Vital capacity, lung volume, forced expiratory flow
rates, and diffusion capacity may be used. Arterial oxygen, carbon dioxide, and
pH are altered in more advanced stages of disease. Chest X-ray, bronchoscopy,
and lung biopsy may be necessary to define the disorder further. Such studies
may reveal the degree of functional and anatomical damage but they only
infrequently directly indicate a s.pecificcausative factor. However, in selected
situations, such as pneumoconiosis, screening programmes using chest X-ray
examinations have been reported to be helpful and may sometimes afford a direct
clue to pathogenesis.

3.3.1.4 The Nervous System

Chemicals may provoke both functional and morphological disturbances in the
central, peripheral, or vegetative (autonomic) nervous systems. Some substances
are neurotoxic and cause certain characteristic changes (e.g. manganese, carbon
disulphide, mercury, lead, and organophosphorus compounds) and others act as
narcotics (organic solvents). Multiple interactions may occur with exposure to
chemical mixtures.

The cerebral cortex is the most vulnerable structure but other structures may
also be affected. These include the peripheral nerves, the spinal cord, and the
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cerebellum.Theinjuriesmaybemanifestedclinicallyas encephalopathy,various
neuropathies, or behavioural disturbances. Such disturbances may occur
singly or in combination.

An 'asthenovegetative syndrome' has been described in the Soviet literature as
an early manifestation of the effects of chemical mixtures on the nervous system
(Kaloyanova and Vergieva, this volume). The symptoms and signs include
neurovegetative vascular dystonia with the following manifestations: emotional
instability, sleep disturbances, unsteady pulse, hyperfunction of the thyroid
gland, easy fatigue, drowsiness, and neurotic disturbances.

Evaluation ofthe nervous system begins by taking the history of the symptoms
related to the functions of the cerebrum and the peripheral nerves, including
behaviour. A complete physical examination will often reveal the anatomical site
or sites of a major injury, although most changes are not specific for chemicals.
Neurological testing may sometimes provide valuable information regarding the
type and severity of injury (see Fallon, and Kaloyanova and Vergieva, this
volume). For example, substances with different mechanisms of action (such as
carbon disulphide, organophosphorus pesticides, alcohols, formaldehyde, lead,
mercury, carbon monoxide, and polybrominated biphenyls) may cause diverse
non-specific changes, including delayed reaction time, decreased perception,
poor visual-motor coordination, memory deficits and other neurological
symptoms and signs (Xintaras et al., 1974).Details of methods used for studying
the effects of chemicals on the nervous system have been reported (see, for
example, Mitchell, 1982).

The laboratory tests fall into three major categories: behavioural and cognitive
tests, peripheral nervous system tests, and central nervous system tests. The
behavioural tests reflect non-specific overall responses to chemical exposures.
They measure interferences with sensory and motor integration, intellectual
function, and emotional status. Because ofthe ability to compensate and the lack
of precision in many of these tests, it is desirable to apply a large battery of
neurophysiological and psychophysiological methods, including psychological
tests and psychometric analysis (e.g. Wechsler Adult Intelligence Scale, Benson
Visual Retention Test, and a Story Recall Task), and interviews to evaluate
attitudes, anxiety, and depression. Depression may also be evaluated by the Beck
Depression Inventory (seeKaloyanova and Vergieva, this volume). Variations in
individual personalities, the limitations of objective assessment methods, and the
lack of uniformity among controls lend uncertainty to these appraisals.

As regards chemical injury of the peripheral nervous system, paraesthesias,
distal weaknesses, and abnormalities in electromyography and electroneuro-
graphy can be detected (Jager et al., 1970; Kaloyanova and Vergieva, this
volume; Valciukas and Lilis, 1980;Xintaras and Burg, 1980). Improvements of
these methods and more studies of specific effects of combined exposures using
these methods are highly desirable.

Central nervous system changes may also be measured by electroencephalo-
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graphy, with cortical evoked potentials, and by electro-oculography. Electro-
oculography tests may need further development, and experience is required with
regard to their applications, especially to the effects of long-term exposure to
chemicals. Computer analysis may permit a more specific and widespread use of
these tests in clinical screening and surveillance.

3.3.1.5 The Reproductive System

Methods for evaluating the adverse effectsof chemicals on reproductive function
have recently been reviewed (Vouk and Sheehan, 1983).Although there has been
little experience in testing for the effectsof mixtures of chemicals on reproductive
functions, many of the methods below could be successfully applied to mixtures
(for examples see Kaloyanova and Vergieva, this volume).

Several complicated and interdependent events are involved in the reproduc-
tion process. The normal end-points of this process are the fertility of both male
and female resulting in conception, successful intrauterine development, and
birth of normal offspring without special predisposition to functional disorders,
cancer, or other adverse effects appearing later in life.

Evidence of possible adverse effects in man range from symptoms such as
decreased libido and impotence, to evidence of reduced sperm count and
motility, and impaired sperm morphology. Infertility may result, and damage to
sperm can cause spontaneous abortion and/or birth defects. Blood testosterone
levels could decrease and the rate of fertility and testicular size could be
influenced. Study of the testicular function could include: functional, bio-
chemical, morphological, and other tests; detailed medical, reproductive, and
occupational histories; physical examination; and information on total sperm
per ejaculate, sperm mobility, and abnormalities of spermatozoal morphology.
Examination of blood hormone levelsand data on testicular sizeand consistency
may be obtained by sonography and tonometry. Appropriate age-matched
controls must always be carefully chosen and evaluated.

The developing field of male reproductive toxicology contains many un-
answered questions; some variables should be better defined and testing
techniques refined. However, if applied carefully and sceptically, current tests
can supply useful information; an example is the reduced sperm count resulting
from occupational exposure to dibromochloropropane (Levine et af., 1981).

In the assessment of toxic effects on female reproductive function, a history of
menstrual cycle disorders is important. These include hyper- and hypomenor-
rhoea, metrorrhagia, dysmenorrhoea, and early menopause. A detailed history
of the menstrual cycle (its duration, intensity, regularity) must be considered in
both pre- and post-exposure periods. Levels of serum and urine oestrogens and
progesterone, cyclical changes in cervical mucus, and,endometrial morphology
may be useful indicators of the effects of chemicals on female reproductive
function. A vaginal hormonal cytodiagnostic test (Danila-Muster et af., 1950)as
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used by Panova (1976) could greatly improve the assessment of the ovary-
dependent hormonal status. Among previously or currently exposed women,
special attention should be paid during pregnancy to the status of the mother,
placenta, and embryo. Cumulative chemical exposure of the mother may be
hazardous to the foetus even if exposure does not occur during pregnancy.

Dominant and recessive mutations may affect the germ cells of both male and
female offspring or in future generations. Examples of possible reproductive
outcomes resulting from parental exposure to chemicals include: inability to
conceive, prolonged time to conception, early foetal death (spontaneous
abortion), altered foetal sex ratio, late foetal death, neonatal death, low birth
weight, birth defects, developmental disorders, childhood malignancies, and
childhood mortality. The so-called 'background' incidence ofthese changes must
always be taken into account and observations on control groups or populations
are essential.

3.3.1.6 Other Organs

Other organs and systems, especially the haematopoietic system, the skin, and
the immune system, may be affected by exposure to single chemicals or mixtures.
Clinical evaluation of injury is made by standard clinical and laboratory tests for
these systems. Screening techniques should be selected from these tests for
evaluation of exposure to mixtures that have produced injury in experimental or
accidental human exposures.

3.3.2 Identification of Individuals at High Risk

Some individuals or segments of human populations are at increased risk when
exposed to single chemicals or mixtures because of multiple genetic, develop-
mental, and environmental factors. Well-recognized factors include age, sex,
dietary and smoking habits, various disease states, and consumption of drugs
and ethanol. Several less appreciated, genetically determined predisposing
factors, such as polymorphisms of blood groups, plasma proteins, enzymes, and
histocompatibility antigens, are discussed in this section. More than a dozen
pharmacogenetic conditions have been identified that can elicit signs and
symptoms of abnormal responses to drugs (see Table I in Vesell, this volume).
Comparatively less research has been carried out on differences in susceptibility
to other chemicals such as environmental pollutants, and particularly to their
mixtures. Genetically controlled predisposition to higher susceptibility may be
due either to differences in metabolism or to tissue sensitivity to chemicals.
Identification of the genetic factors responsible for these differences between
individuals, elucidation of underlying mechanisms, and development of methods
for the identification of hypersusceptible individuals may help in reducing the
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risk of health damage. The following examples describe some well-recognized
genetic factors for which screening procedures could be developed.

3.3.2.1 Polymorphism of N-Acetyltransferase or N-Acetylase

N-Acetyltransferase (EC 2.3.1.35) is an enzyme involved in the acetylation of
arylamines which are potent bladder carcinogens. The rate of acetylation
determines the degree to which these compounds are inactivated. A single-gene
difference affecting N-acetyltransferase activity in liver makes individuals either
slow or rapid acetylators of numerous drugs and environmental arylamines.
Slow acetylators are at greater risk of adverse effects than rapid acetylators of
these compounds due to higher blood levelsat a given exposure or dose. This risk
may be higher in case of exposure to a mixture of chemicals. A chemical present
in the mixture and being slowly acetylated may build up its blood concentrations
high enough to inhibit hepatic microsomal oxidase leading to an increase of
tissue concentration of a concurrent chemical and eventually to its toxic action.
Such an interaction between chemicals in slow acetylators has been described in
patients given isoniazid and already taking phenytoin (Omenn, 1982). In this
case phenytoin becomes toxic due to inhibition of its hydroxylation in the liver as
a result of enhanced blood levels of isoniazid being slowly acetylated. It may be
expected that similar interactions between various chemicals may occur in
occupational and environmental exposures of slow acetylators. Studies by Lower
et al. (1979) pointed to an excess of slow acetylators in the urban population of
Denmark. The distribution of phenotypes may vary in different populations.
Only 10-15 %of the Japanese population are slow acetylators (Omenn, 1982).

3.3.2.2 Aryl Hydrocarbon Hydroxylase (AHH)

Several polymorphisms involving induction of drug-metabolizing enzymes have
been described recently. AHH activates procarcinogenic compounds and may
serve as an example. High inducers may have an increased risk of cancer
compared with low inducers (Kellerman et aI., 1973; Kouri et al., 1982). The
available screening test is technically complicated and has not yet been shown to
be reliable.

3.3.2.3 Glucose-6-phosphate Dehydrogenase (G6PD) Deficiency

When deficient in erythrocyte G6PD (EC 1.1.1.49) activity, an X-linked genetic
condition (Motulsky, 1976), workers exposed to nitrosamines or nitroaromatic
compounds are predisposed to haemolysis. Remarkable differences in gene
frequency have been noted across populations. Particularly distinct variations
have been observed in individuals of Mediterranean and of black African
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ancestry. Systematic studies are still needed to evaluate potential risk and to
develop a basis for routine screening procedures.

3.3.2.4 Plasma aI-Antitrypsin Deficiency

Persons with aI-antitrypsin deficiency in plasma are at high risk of developing
emphysema or chronic liver disease; aI-antitrypsin is a circulating protein that
regulates and inactivates proteolytic enzymes released from white blood cells and
pulmonary macrophages. In persons with this inherited deficiency, inhalation of
cigarette smoke significantly decreases the local capacity to inhibit proteolysis in
the lung (Gadek et aI., 1979).The prevalence of homozygous deficient persons is
only one in several thousand, but heterozygous persons with partial deficiency
represent 5-I 0 %of the population of persons with the heterozygous carrier
state. In these people the health risk increases not only in connection with
smoking habits but also in connection with exposure to various oxidants and
their mixtures. There are a number of tests available for estimating serum
antitrypsin deficiency which could be used to help identify such people (Omenn,
1982).

3.3.2.5 Genetic Differences in Histocompatibility (HLA) Types

Genetic mechanisms control differences in HLA types. Some HLA types are
associated with an increased risk of developing immunological disorders, such as
collagen, vascular, and chronic connective tissue diseases. A few adverse
reactions to drugs, such as to the use of gold for therapy of rheumatoid arthritis,
occur more frequently in specific HLA types. These and other genetically
determined alterations in the immune system may also predispose subjects to
increased risk of intoxication on exposure to mixtures of chemicals (Bodmer,
1982; Hors et al., 1984).

3.4 EPIDEMIOLOGICAL METHODS

3.4.1 Epidemiology of the Effects of Occupational Exposure
with Special Reference to Mixtures of Chemicals

Studies of human exposures to mixtures of chemicals usually require great
attention to (a) the definition of the population of exposed persons, (b)
identification and confirmation of cases, (c) the choice of an appropriate
comparison population with equal effort devoted to identifying cases in this
group, (d) consideration of the time-lag between exposure and disease onset, and
(e) the collection and analysis of data on effect modifiers and confounding
factors, such as cigarette smoking.
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Clinical and laboratory measurements can greatly improve epidemiological
studies in obtaining both exposure and disease data. In situations where past
exposures are not known, laboratory simulations may help in estimating the
potential for exposure.

Currently available epidemiological methods have helped in identifying
specific risk factors involved in occupational diseases. These factors could be
exposure for varying periods of time to chemicals, radiation, thermal stress, or
other physical agents, or life-style factors such as smoking. The linkage of
mesothelioma to asbestos, angiosarcoma of the liver to vinyl chloride, or
byssinosis to cotton dust are classical examples of the outcome of epi-
demiological studies on occupational diseases; but they are by no means
representative of the possible outcomes of exposure to mixtures of chemicals.
Occupational diseases are often associated with a 'web of causations' rather than
a single aetiological factor.

The epidemiological methods used to identify single causative factors need to
be adapted and developed to evaluate the effects of multiple factors, particularly
a mixture of chemicals that are often structurally unrelated. Present methods
rarely permit an accurate or even a semiquantitative assessment of the effects of
interaction between two factors, specifically between two unrelated chemicals to
which simultaneous or sequential exposure takes place.

There are specificexamples where exposure to mixtures of chemicals is the rule
rather than the exception. Spraymen employed in the control of vectors of
malaria and filariasis in endemic areas of the world are exposed to several
organochlorine pesticides and organophosphates, and, in addition, to the
solvents used for dispersing these chemicals. Spraying schedules are subject to the
availability of one chemical or the other, the exigency created by their
effectiveness, or the resistance of the target organism. Again, farmers applying a
variety of pest control chemicals run the risk of sequential or simultaneous
exposure to mixtures of chemicals as the multiple nature of plant pests demands
an equally multiple variety of chemicals.

3.4.1.1 Current Methods of Assessing Combined Exposures

Governmental agencies responsible for the control of occupational hazards
provide guidelines based on the assumption that, where there are exposures to
two or more substances acting on the same organ or system, the combined effects
should be considered as additive. There is evidence of synergistic effects with
respect to solvents. There is also evidence from clinical studies that combined
exposures to lead and mercury, to pesticides, and to irritant gases may have
more than additive effects.

When there is reason to believe that the main effects of different chemicals are

not additive but independent, having effects on different organs of the body, the
permissible level is exceeded as soon as one of the substances exceeds the
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permissible level. This assumption of independence may be incorrect and cannot
be made without observing people at risk. When combined effects are more than
additive (synergistic) or less than additive (antagonistic), permissible levels may
have to be determined separately for each combined exposure.

Threshold limit values and maximum allowable concentrations (MACs) for
individual chemicals are derived by indirect methods which are often arbitrary.
There is a need for a more scientific approach in establishing control limits,
particularly with respect to combined exposures.

3.4.1.2 Epidemiological Methods for Identifying and Investigating
Combined Exposures

Use of Existing Records The present system of record keeping in the form of
organized registries can be used to identify possible risks from combined
exposures. Methods will have to be evolved to provide more appropriate storage
and retrieval of all types of health information which is a mixture of data provided
by those responsible for health care and surveillance, and those responsible for
environmental measurement and control. One of the main needs is to improve
the records of exposure. Data from community records on morbidity may also
have to be used for obtaining information on the health of workers who were
exposed to chemicals in previous work situations.

General Epidemiological Studies There are several different types of epi-
demiological studies on adverse effects of combined exposures that don't
evaluate interactions. Such studies include case-control studies, epidemiological
surveys, clinical studies with volunteers, and other, specially designed studies.

Case-control studies may be designed for a particular disease such as cancer
or chronic obstructive pulmonary disease, in which details of work exposures,
smoking habits, and alcohol consumption are taken for both case and control
groups. The recording of exposures is more sensitive than choosing subjects on
the basis of their employment or job title, and the recording of exposures should
make it possible to determine any increased risk from combined exposures.
Case-control studies have been simplified by the relatively recent development
of the job exposure matrix, which is a list of job titles that includes the agents to
which persons carrying out thesejobs are exposed (Acheson, 1983).For example,
a carpenter in the construction industry is exposed to a variety of chemicals
which can cause adverse health effects.Ajobbing carpenter, who would normally
be included under the same job title of carpenter, will have fewer exposures.

The second type of study, epidemiological surveys, may be undertaken as a
special procedure because combined effects are suspected from clinical observa-
tions or because they may be part of routine health surveillance.

Organic solvent mixtures are widely used in industry in making a variety of
products such as shoes, furniture, automobiles, and pharmaceuticals. There are
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numerous opportunities for studying the effects of such combined exposures. An
example of a well-planned study is that of car painters in Finland exposed to
mixtures of solvents (Hanninen et aI., 1976;Husman, 1980; Seppalainen et aI.,
1978). Car painters had significantly more acute symptoms (prenarcosis and
irritation) and long-term effects such as fatigue and loss of memory, and a greater
reduction in nerve conduction velocities than the locomotive engineers who were
used as a matched control group. All exposures were well below the recom-
mended permissible levels.

The inference is that the recommended exposure limits for each solvent were
too high or that there was a synergistic effect. Other studies reported acute
symptoms and signs with increased neuropsychiatric disorders among groups
exposed to solvent mixtures below the recommended MAC values (Schilling, this
volume). Thus the evidence of a synergistic effect was too strong to be dismissed
and indicated a need for a special type of survey in which separate and combined
effects could be evaluated.

Clinical investigations-the third type of study-have been carried out with
groups of healthy human volunteers in some countries. In such studies it is
possible to evaluate combined effects by comparing single and combined
exposures. Volunteer clinical studies have limitations in that the number of
persons exposed is small; exposures are short-term and have to be below
permissible levels.

Tests have been made of the synergistic effects of combined exposures to
sulphur dioxide and ozone in view of the possibility that these two gases, present
in polluted atmospheres, may combine to form sulphuric acid (Hazucha and
Bates, 1975). The combination of gases resulted in more severe decrements in
lung function than those observed with the individual gases. Similar investiga-
tions with male volunteers by Bell et al. (1977), Horvath and Folinsbee (1978),
and Bedi et al. (1979) did not confirm that ozone and sulphur dioxide had a
synergistic action.

Such studies have other potential defects apart from those listed above, such as
the effects of variables like temperature, humidity, and particle size of aerosols,
which may influence response and must be taken into account and controlled.
Lack of control of these variables may explain the contradictory results of
exposures to ozone and sulphur dioxide. These results emphasize the need for
careful control of all variables in this type of clinical study. All studies that use
human volunteers should be submitted for approval to an ethics committee of the
organization responsible for the research.

Regarding specially designed studies, few investigations of work groups have
been designed to evaluate the contribution of separate exposures and their
interactions. Methods used for quantifying acute effects of combined exposures
in animal studies are not suitable for human studies of work exposures because
they concentrate on the type of studies described in section 3.3.1 which measure
overall effects, without quantifying interactions.
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The interaction between two different agents having long-term effectshas been
determined for asbestos and smoking because data on lung cancer death rates are
available for groups with single and combined exposures, and with no exposure
to asbestos and smoking (Sarraci, 1981).This is an example of using statistical
models to find out which model fits the epidemiological data best. The models
tested were (1) additive with no interaction, (2) multiplicative, and (3) additive
with interaction but no effect of asbestos alone. The data supported the
multiplicative model. The investigation by Hammond et al. (1979) is an example
of the kind of data necessary for this type of epidemiological investigation (see
Schilling, this volume).

Unfortunately, data that permit this type of analysis are seldom available for
combined exposures to chemicals. Specially designed studies should be possible
in health conscious industries with experienced occupational health staff.
However, they could only be undertaken with the full cooperation of manage-
ment and workers and would be justified only where there was strong evidence
from clinical studies, animal studies, or in vitro experiments of a potentiating
effect.

3.4.2 Policy Considerations in Epidemiological Studies

Studies of disease clusters and episodes of environmental contamination tend to
be accompanied by intense public concern which often pressures policy makers
to reach decisions before scientific data have been collected and analysed. In such
situations, there is a need for a high degree of objectivity and a careful use of the
scientific method in the collection, analysis, and interpretation of epidemiolog-
ical data. In addition, it must be recognized that some situations do not lend
themselves to full epidemiological studies, and such investigations may be costly
and time consuming. In view of this, the following policy considerations merit
detailed attention:

(1) Maintaining a clear conceptual distinction between risk assessment and risk
management (NASjNRC, 1983).

(2) Coordination, from the outset, of various agencies and groups conducting
studies of any potential hazard. The creation of specialized epidemiology-
laboratory field research teams for this purpose might be useful (Greenwald
and Block, this volume).

(3) Maintaining independence of action between scientists and policy makers.
One way of achieving this would be to establish a research overview
committee that would mediate between the scientists and policy makers.

(4) Giving early consideration to what is the minimum information needed for
policy decisions and what is the optimum information needed for a high-
quality scientific study. For policy decisions, prior attention should be given
to the interpretation of different possible outcomes. If a high-quality
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scientific study is to be undertaken, adequate funding and time are needed
and should be provided. The best advice may be, 'Do it right, or do it not at
all.'

(5) Vital records, disease registries, and occupational health surveillance systems
are valuable tools for epidemiological studies of the effects of chemical
exposures. Where possible, these data systems should include information on
occupation, industrial employment and smoking habits. Registering
individuals on the basis of exposure rather than disease needs more attention
and so does record linking for examining aetiological relationships.

(6) Research on policy alternatives should be expanded. This should include the
study and development of policies that would minimize the potential for
adverse chemical exposures without requiring field studies or a full
understanding of each specific situation. This is needed because new
chemicals are being developed faster than they can be studied in depth from a
toxicological perspective. The only practical solution may be a set of research
and monitoring guidelines and policies which protect human health without
first requiring a full study of each potential adverse effect.

The major objection to epidemiological studies remains that the lessons
cannot be learned until a sufficient number of people have suffered. Further,
while positive findings are a good indication that there may be an effect, negative
findings can rarely lead to the conclusion that no effect exists.

3.5 CONCLUSIONS

(1) Methods exist for the analysis of body fluids, tissues, and excreta for
individual compounds representing several classes of industrial chemicals and
environmental pollutants. When these compounds occur as components of
complex mixtures, such analyses could provide useful indicators of total
exposure, but interpretation of such data would require knowledge of possible
interactions which could affect the biokinetic behaviour of individual com-
pounds. When the necessary information is not available, it could be generated
be appropriately designed experimental studies in animals or by clinical studies.

(2) Covalent adducts formed with blood proteins or cellular DNA could
provide sensitive dosimeters of exposure to mixtures of environmental chemicals.
For use in human studies, analytical methods for detecting specific amino acid
adducts in haemoglobin are sufficiently well developed for only a few chemicals.
Additional research will be required to devise means for extending this approach
to the detection of complex mixtures.

(3) Changes in HMFOs produced by the administration of safe doses of
chemicals such as antipyrine or aminopyrine have proved useful in detecting
human exposure to mixtures of other chemicals. Chemicals to which human
individuals are exposed frequently alter this hepatic enzyme system, and the
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detection of alterations in the rate of elimination of administered chemicals

provides indirect evidence of exposure to chemicals. However, such changes are
often non-specific and can also be produced by other environmental factors. The
non-specificity of this technique limits its use, despite its appeal of being non-
invasive, its simplicity, and its ease of performance and interpretation.
Accordingly, proper application of this method requires a careful historical
assessment of the subjects investigated.

(4) Cytogenetic analysis of peripheral lymphocytes provides a useful tool for
establishing exposure to genotoxic agents and mixtures. Its value could be
enhanced by attention to the following points:

(a) standardization of test protocols and reporting techniques;
(b) careful attention to study design including selection of exposed and control

populations;
(c) adequate description of the chemicals in the environment under study

together with details of exposure and individual confounding factors such as
smoking habits;

(d) development of new techniques such as SCE, micronuclei induction, and
lymphocyte mutation assays to the point where they can be practically and
reliably employed; until that time such studies should be paralleled by a full
cytogenetic study.

(5) The biological testing of body fluids, in particular urine samples, for effects
on tester cells may provide useful data, but careful developmental work is
required. When adequately evaluated, new methods such as lymphocyte
mutability status may eventually prove useful.

(6) In virtually all occupational and environmental situations, chemical
exposures are multiple and interact with aspects oflife-style. Unfortunately, there
are no currently available clinical techniques that can clearly identify the effects
of human exposures to multiple chemicals. The presence of multiple clinical
markers of injury to one or more organs, in the absence of recognized medical
causes, may provide the best current clinical evidence of possible exposures. The
current methods include a complete medical history, physical examination, a
variety of chemical and physiological tests, and histological examination of
specimens taken by biopsy. Epidemiological techniques, using carefully matched
control groups, are most suitable for determining the incidence of such changes
especially under conditions of low-level exposures. In designing surveillance or
screening programmes for known mixtures of chemicals, clinical techniques
should be selected that directly or indirectly examine the major target organ(s)
susceptible to injury.

(7) Well-documented examples establish that genetically controlled and
environmentally induced variations in human individuals are associated with
increased risk of disease or adverse reactions to drugs. The existence of these
conditions suggests that a systematic search should be undertaken to identify
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additional genetic polymorphisms and environmentally induced differences
associated with increased risk of damage from exposure to mixtures of chemicals.
To avoid excessive risk in susceptible people due to interindividual variations of
their metabolic capacity or tissue sensitivity, screening procedures are needed.
These procedures should be based on specific metabolic or enzymatic activities.
In some cases satisfactory screening procedures are already available.

(8) The type of epidemiological study used and its limitations can vary widely,
depending on the specifics of a situation. Key methodological issues related to
the study of mixtures of chemicals include measurement and verification of
exposure and disease, definition of the denominator population, selection of a
group, time relationships, and the potential impact of other causative, confound-
ing, or interacting factors. Insufficient data on exposure or small numbers of
exposed individuals frequently limit the possibility of drawing inferences beyond
the combined effect of a mixture of chemicals.

Many work-related diseases have multiple causes and require epidemiological
identification, evaluation, and control. The epidemiological approach may vary
according to whether the clue leading to a study is a case report, disease cluster,
or environmental episode. Specialists in this methodology are required to adapt
the appropriate method to a particular situation. Epidemiological methods
should be supported by appropriate clinical surveillance and laboratory tests.

Epidemiology offers largely unexploited opportunities for studies of chemical
mixtures. A limiting factor has been the inadequacy of record systems. To use the
potential of this method fully requires well-qualified investigators and access to,
and some modification of, record systems of available populations and multiple
exposures. This will also require further research on epidemiological methods
themselves.

3.6 RECOMMENDATIONS

(1) Sensitive methods for detecting DNA adducts are in an early stage of
development. Further research is required to develop methods that would be
applicable to the monitoring of human subjects. Additional studies in experimen-
tal animal models should be undertaken to validate exposure estimations using
covalent adduct measurements.

(2) Improved methods for the early detection of organ system injury caused
by chemical mixtures are urgently needed. This is especially true for low-level
mixed exposures.

(3) Well-organized international research in the epidemiology of the effects of
environmental exposures to mixtures of chemicals is required. A large number of
different clinical methods would have to be used because of the non-specificity of
the tests currently available.

(4) More active research is required in all clinical fields but further informa-
tion is especially important, from the public health perspective, in the areaof
reproductive, carcinogenic, and immunological effects of chemical mixtures.
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(5) Since it is often not possible to predict accurately which organ system will
be most affected by mixed chemical exposures, it is important that exposed
groups be examined as completely as possible by clinical methods. The results
will need coordination with all other biological and physical measures of
exposure.

(6) Further development of screening procedures to detect susceptible
individuals is needed to prevent excessive risk of susceptible people who have
environmentally or genetically determined variations in their metabolic capacity
or tissue sensitivity.

(7) In addition to developing epidemiological techniques for measuring the
effects of combined exposures, there is a need for close and continued health
surveillance of workers such as those exposed to mixtures of pesticides, solvents,
and gases. Surveillance should be on a broad basis looking for possible damage
to organs and systems, particularly the liver, that are unlikely to be affected by a
single, low-levelexposure. The aim would be an early detection of adverse effects
before they become irreversible. Both health surveillance and environmental
monitoring are essential in order to establish exposure-response relationships.

(8) Health teams responsible for working groups should maintain a close
liaison with laboratories undertaking animal experiments or testing combined
exposures in vitro. Observations in the field may lead to laboratory experiments
and vice versa.

(9) Despite the numerous shortcomings of present epidemiological tech-
niques, new surveillance data on human individuals and populations exposed to
chemical mixtures are urgently needed. Therefore, new data from well-designed
studies should be obtained in which several techniques are coordinated. Present
techniques should be refined and new techniques developed. More research is
recommended that is devoted to these problems of great significance to the health
of the general public.

(10) Increased emphasis should be placed on the identification of opportuni-
ties for preventive intervention trials and on undertaking such trials to determine
the impact of decreasing or modifying exposure.

(11) Where there are epidemiological indications of possible ill-effects as-
sociated with chemical mixtures, efforts should be made to reproduce these
effects in animals and to study mechanisms of action whenever feasible.
Conversely, epidemiology should systematically examine leads from the labora-
tory as a way of setting priorities for epidemiological studies.

(12) There is a need for improving health and environmental record content
and record keeping, and for developing epidemiological methods for identifying
and investigating the health effects of combined exposures.

(13) National health agencies should maintain a clear distinction between risk
assessment and risk management. There should be a degree of independence
between scientists and policy makers with independent committees bridging
these two groups.
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(14) National and international health agencies should promote collabor-
ation between epidemiological and clinical scientists in studies of mixtures of
chemicals.

(15) National agencies should be encouraged to consider combined exposures
and to determine the extent to which they present special health problems,
particularly among those working with pesticides, solvents, and irritant gases.

(16) Postgraduate institutions offering training programmes in epidemiolog-
ical methods, environmental medicine, and occupational health should be
encouraged to consider the health effectsof combined exposures and appropriate
methods of investigating them.

(17) National agencies responsible for setting combined exposure limits
should reconsider present recommendations with respect to permissible levels for
combined exposures.

(18) There is a need for close and continuous health surveillance of persons
exposed to mixtures of chemicals on a broad basis, taking special account of
cigarette smoking and other personal and social habits.

(19) Policies that will minimize the potential for adverse chemical exposures
should be developed without requiring field studies and a full understanding of
each specific situation.
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