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1987 SCOPE 

Testing Complex Mixtures* 

6.1 INTRODUCTION 

Although the evaluation of chemicals for potential adverse health effects in man 
has been focused almost exclusively on single compounds, human individuals 
and populations are frequently exposed to mixtures of chemicals. Exposures to 
chemicals at the workplace and exposures resulting from disposal of chemical 
wastes or contaminated food, air, or water are mostly exposures to mixtures. 

Complex mixtures are either collections of dissimilar chemicals, such as cigarette 
smoke, or collections of congeners of a particular compound, such as p l y -  
chlorinated biphenyls (PCBs). The PCB identified as Aroclor 1254 consists of 
more than 50 compounds differing from each other by the degree of chlorination 
(1 -10 chlorine atoms) or the position of the chlorine atoms on the biphenyl 
ring system (e.g. 2,3,4,2',3'-pentachlorobiphenyl and 2,3,5,2',3',5'-bexa- 
chlorobiphen yl). 
The task of assessing the hazardous nature of chemicals at realistic doses of 

human exposure is generally a complex and lengthy procedure. This task 
becomes even more complicated for chemical mixtures whose exact composition 
may be unknown. The assay of petroleum products for subacute and chronic 
toxicity in laboratory animals is an example of testing complex mixtures. Also, 
concentrates of chemical contaminants from drinking water have been tested for 
genotoxic activity and reproductive toxicity in a variety of in vitro and in vivo tests 
(Bull et d, 1982; Gmener and Lockwood, 1979; Lang et al., 1980). 
Testing mixtures for carcinogenicity is usually carried out by conventional 

bioassay procedures, but additional studies may be needed to define the active 
components of a mixture to provide a basis for remedial action. Identification of 
the active components of complex mixtures was particularly effective with 
petroleum distillates where it was demonstrated that the carcinogens were 
confined to the high boiling fractions (Smith et cd., 1951). Effective remedial 
action was possible when this was determined. 
When extrapolating data from one experimental species to other species, 

including man, it is usually assumed that the routes and the extent of 
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biotransformation of components of a mixture are similar for the species under 
consideration. However, the routes and rates of biotransformation are subject to 
considerable species variations; these variations may even he potentiated for 
mixtures. If mixtures contain only a few components, this problem can be solved 
by studying the hotransfonnation patterns of individual compounds in different 
species; for a complex mixture this is impossible. Hence, there is more 
uncertainty involved in interspecies extrapolation of toxicological data for 
complex mixtures than for individual compounds or simple combinations of 
substances. 

Complex mixtures can pose some unique testing problems. With some 
mixtures, there is a significant proportion of components that are chemically 
unidentified. Hence it is necessary to prepare mixtures for testing in a carefully 
defined way, such as the use of standardized cigarettes, to ensure a reasonable 
consistency in composition. Some mixtures of public health concern are highly 
variable in composition. For example, the composition of diesel engine exhaust 
particulates is different depending on whether the engine is hot or cold, idling or 
operating under a heavy load (Bradow, 1980). The physicochemical charac- 
teristics of a complex mixture can be very dependent on the mode of production 
of the mixture. This makes it sometimes difficult to reproduce a mixture under 
laboratory conditions; examples include particulates and gases from coal-fired 
power plants and coke ovens. 

There can be formidable problems of analytical chemistry associated with the 
fractionation of mixtures to define active constituents. Short-term gemtoxicity 
tests are often helpful for identifying the active components of a carcinogenic 
mixture. 

With complex mixtures, the need to evaluate toxicity by the same route of 
exposure that occurs in man should be emphasized because the absorption 
patterns of active constituents in mixtures may differ when routes of exposure are 
different. With single compounds, absorption behaviour for different exposure 
routes can be easily defined and taken into account; this is more difficult for 
complex mixtures, particularly those which contain toxicologically active 
components in a chemically undefined fraction of the mixture. In the lung, the 
problem of differential leaching of complex organic mixtures that are bound to inert 
particles (Albert et d., 1984) is one aspect of this problem and arises, for example, 
when extracts of particles are tested as substitutes for the particles themselves. 

Because of clearly identifiable problems resulting from the disposal of complex 
wastes into the freshwater and marine environments, the effects of mixtures on 
aquatic life have received considerable attention (Bergman et at., 1986). 
These studies have included experiments on mixtures of pure compounds as well 
as on complex wastes. Models have been proposed for describing the combined 
action of two or more substances. Another area where the toxicity of mixtures 
has been extensively studied is the formulation of pesticides. Such areas of 
concern are addressed in this section. 
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The section is divided into three main parts. The first part discusses the use of 
aquatic and terrestrial species in the testing of mixtures. The second part 
examines methods of determining the toxicity of mixtures in humans, such as the 
comparative potency method, whole animal studies, short-term test for card- 
nogens and mutagens, and tests used in the analysis of drinking water. Finally, 
there is a discussion of the use of toxicity data in risk assessment. 

6.2 TESTING MIXTURES USING AQUATIC AND 
TERRESTRIAL SPECIES 

6.2.1 The Choice of Representative Species 

Various plants and animals such as aquatic species, birds, and mammals differ in 
their response to chemicals. It is not possible to test all the species nor can all 
toxicity testing facilities be exhausted on a few chemicals at the expense of not 
testing any other chemicals. I t  is necessary, therefore, to select indicator species 
that would represent all or a great majority of species. 

Taxonomic relationships of organisms are based on morphological, repro- 
ductive, biochemical, and other characteristics; some are of major importance 
and some of minor significance. Differences in taxonomic characteristics of 
organisms are reflected in their habitat and exposure to chemicals, in the mode of 
toxic action of chemicals, in the rate of penetration to sensitive sites, in the 
reactions at the sensitive site, and in the rate of metabolism and excretion. 

The toxicity of chemicals is related to their ability to interfere with specific life 
functions of the organism. Based on this relationship, differences in toxicity 
increase with increasing taxonomic differences (e.g. species < genus < family < 
order) (Kenaga, 1978). 
Species of organisms are classified under many different large taxonomic 

groups (kingdoms and phyla being the largest) containing millions of species of 
animals or plants. In order to select representative species, it is necessary to know 
the differences of toxicity between closely and distantly related species for given 
chemicals. 
The animal species that have been most widely tested in the United States 

include five mammals, five birds, seven fish, two terrestrial insects, nine aquatic 
arthropods, and one mollusc. Kenaga (1978) tabulated the range of acute 
toxicity data for 75 pesticides tested on eight of these organisms. Aquatic 
organisms showed the widest range in toxicity because the dose of the chemical in 
the organism depended on the concentration in water and on the bioconcent- 
ration of the chemical in the organisms. The toxidties of 75 chemicals to three 
terrestrial organisms, the rat, mallard, and bobwhite, were compared by using 
regression equations to predict the toxicity of a chemical to one species from the 
toxicity data of another species. The correlations significant for predictive 
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purposes were the LDSo afar the rat from the LDio of the mallard, and the LDin 
for the rat from the LCsobof the bobwhite. Predictions of toxicity were best if the 
chemicals had a similar structure (e.g. chlorinated hydrocarbon insecticides, or 
phosphorus-containing insecticides, etc.). 

Based on these correlations, it has been shown that the widest spectrum of 
toxicity information can be gathered from a few species which have greatest 
phylogenic differences and poorest toxicity correlation with each other. Three 
animals, the rat, a fish and an aquatic invertebrate such as a daphmd, were 
chosen as representing the greatest diversity of sensitivity to chemicals and their 
toxic action (Kenaga, 1978). 

In other comparisons made by Kenaga (1 978), the correlation coefficients 
between two species of fish or two species of birds were the largest, indicating a 
closer relationship of toxicity in similar species, genera, or families, than in 
similar orders or phyla of organisms. 

A typical range of toxicity of one chemical for a variety of terrestrial insects is 
given in a paper by Kenaga et al. (1965) who studied the effects of the insecticide 
chlorpyrifos on 20 species of insects by measured topical application to their 
cuticles. The range of toxicity was 1 -36 in terms of LDo5 values (mg/kg of body 
weight). 
These data show that the greater the difference in chemical structure of the 

substances tested and in the taxonomy of the species involved, the greater the 
difference In toxicity. These differences may range from one to seven orders of 
magnitude. Terrestrial organisms show a smaller range of toxicity values than 
aquatic organisms. Each species tested does not represent any other species but 
provides an estimate of the general species sensitivity. With several such 
estimates, the overall range of sensitivity for all species can be determined. The 
problem is to estimate how many species and what type of species to test in order 
to represent adequately the whole range of sensitivities, especially very sensitive 
organisms. 
For several years acute toxicity screening tests for a variety of organisms from 

the plant and animal kingdoms have been carried out at the Dow Chemical 
Company (see Kenaga and Mooleaaar, 1979). Included were a daphnid, four 
species of fish, an alga, five species of aquatic vascular plants and terrestrial 
plants, four species of bacteria, and four species of fungi. More chemicals were 
toxic to fish and daphnids than to aquatic plants or the alga, confirming the 
generally held view that aquatic animals are more sensitive to chemicals than are 
aquatic plants. None of the thousands of compounds tested were toxic to aquatic 
plants below the concentration of 0.1 mgfl. Chiorella, an alga, was generally less 
sensitive than aquatic vascular plants. Tests on seeds of terrestrial plants and on 
microorganisms also reveal that their sensitivity for many chemicals is less than 

' The dose at which 50 % of the population dies. 
The concentration at which SO % of the population dies. 
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that of fish and daphnids and that only comparatively few chemicals are toxic in 
concentrations below 1 mg/1 (Kenaga, 198 1). 

Among the species tested, the most useful indicator organisms with the most 
useful acute toxicity information appear to be the rat (LDin), one species of fish 
(LCsn) and one species of aquatic arthropod (LCso) (Kenaga, 1978). 

As regards the testing of indicator species for chronic toxicity, our knowledge 
is limited to a much smaller number of species than for acute toxicity because a 
great deal more time, energy and 'know-how' are needed to raise various species 
through their entire life-cycle as required for chronic and reproductive tests. To 
alleviate this problem it has been shown that chronic toxicity testing with 
organisms having short life-cycles or organisms with critical partial life-cycles 
(e.g. fish) can substitute satisfactorily for organisms with long life-cycles (Kenaga, 
1979; Maki, 1979). Knowledge of the chemical structure relationship with acute 
toxicity assists in the prediction of chronic toxicity with fish and aquatic 
invertebrates (Kenaga, 1982). 

6.2.2 Specixl Areas of Concem for Testing Mixtures 

One of the purposes of testing mixtures is to evaluate whether the toxicity of a 
mixture is merely additive, synergistic, or antagonistic in comparison with the 
toxicity of the individual chemicals. Some synergistic activity may be related to 
comparatively simple mechanisms such as better penetration of a chemical to the 
site of toxic action, either by increased rate of penetration (e-g. solvents such as 
dimethyl sulphoxide), or by increased stability caused by another chemical (e.g. 
an antioxidant). 

There are numerous examples of synergism for insecticides under laboratory 
conditions. An outstanding example of commercially valuable synergism is the 
use for insect control of pyrethrias with piperonyl butoxide or sesamex [3,4- 
methylenedioxypheny1)-3,6,9-trioxaundecane] at a ratio of about 1 : 10. Ratios of 
1: 1 or less are not synergistic. The basis of synergism is the inhibition of 
microsoma1 oxidation in the organism, especially insects (Wilkinson, 1971). 
These mixtures do not act synergistically in the rat and have a relatively low 
toxicity. Pyrethrin and pyrethroid insecticides studied by Soderlund (1983) 
showed a wide difference in the rate of hydrolysis of the tramisomers compared 
with the cis-isomers. The hydrolysis of these compounds alters their toxicity, and 
therefore the relative toxicity as measured in insects and rats is related to the rate 
of hydrolysis in these species. Rats have high rates of mixed function oxidase for 
metabolism (Wilkinson, 1%' 1). 

Phosphate and carbarnate insecticides are known to be acetylcholinesterase 
(AChE) inhibitors in vitro. They are also AChE inhibitors in vivo for insects and 
mammals to varying degrees. However, specific thiophosphate and phosphate 
insecticides such as malathion and acephate which contain carboxy esters as well 
as phosphate esters are much less toxic to mammals. Due to the presence of 
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rapidly acting ~ b o x ~ t c r a s e s ,  mammals are able to detoxify malathion by de' 
esterification at a faster rate than by conversion to malaoxon, an AChE inhibitor 
derived from malathion (Matsumura, 1975). These basic differences in selective 
toxicity are related to the enzyme systems of these widely different taxonomic 
groups of insects and mammals (Wilkinson, 1971). Any chemical mixtures that 
contain both malathion and an ingredient that can inhibit decarboxylation 
would cause malathion to be much more toxic to mammals (Kenaga, 1975). 

These examples of synergism do not include either chronic effects or the effects 
of individual components of mixtures on the various life stages of the organisms. 
Increased chronic effects may be shown when the detoxifying mechanisms of the 
species tested arc slowed down by any of the components in the mixture (Kenaga, 
1975). Various life stages of organisms, such as the egg stage, may be more (or 
less) susceptible than others-to one or more chemicals in the mixture (Kenaga, 
1975). Chemicals of short residual toxicity may act differently when mixed with 
those of longer residual toxicity. 

It should also be pointed out that the test methods and organisms used for 
determining synergism may demonstrate synergistic action at high doses, but the 
joint action may be independent at low doses. 

6.2.2.1 Aquatic Species 

Although the ecotoxicological data for aquatic species refer largely to the effects 
of single chemicals, the practical problems associated with the discharge of 
complex effluents in surface waters have stimulated research into the joint action 
of chemicals. These studies have been designed to detect whether the joint action 
is non-interactive (independent or additive) or interactive (synergistic or 
antagonistic). Several models have been developed to quantify this range of 
different joint actions (Alabaster and Lloyd, 1982; Kbemann, 1980); these 
models are based on the summation of fractions of LCsn values of the individual 
components of the mixture. 

Tests with Mixtures of Known Chemicals In laboratory testing of known 
mixtures of chemicals the same procedures are used as for single chemicals. 
Unless the joint action of chemicals is strongly synergistic and produces a 
dramatic increase in toxicity, the change in toxicity of mixtures of two or three 
chemicals is likely to be small. It is essential, therefore, to reduce the sources of 
variability of results to a minimum. One source of variability is the concentration 
of substances to which the organisms are exposed; this is especially important for 
chemicals that are volatile, readily biodegradable, or chemically unstable. Also 
important is the close control of the pH of solutions of substances such as 
ammonia which may exist in either a non-ionized or an ionized form which is 
much less toxic. As with single chemicals, the testing of mixtures should provide 
information on the shape of the curve relating the logarithms of concentration to 
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the logarithms of response time (Lloyd, this volume), and the confidence limits 
for the LCin value should be established. 

An analysis of published information on the toxicity of mixtures to aquatic 
organisms (Alabaster and Lloyd, 1982) revealed that there were no well-proven 
examples of synergism between chemicals commonly found in polluted waters 
such as heavy metals, ammonia, and phenol. In general, the joint action between 
two or three chemicals at equitoxic concentrations (i.e. 50 % or 33 % of their 
LCiso, respectively) was a simple addition of effects. However, data for mixtures 
where one or two of the chemicals were at lower concentrations (i.e. less than 
20 % of their LCso) were less clear-cut. In some cases there was evidence that at 
these concentrations the chemicals did not add to the toxicity of the principal 
component, and in some cases there was evidence of antagonism. Antagonism 
might be predicted from the increasing body of evidence for homesis, the 
stimulating effect of chemicals at low, sublethal concentrations (Stebbing, 1982). 
However, such experiments are difficult to carry out because of the precision 

required to establish whether the toxicity of the principal component has been 
significantly increased or decreased, and if so, to what extent. At the present time, 
the available information suggests that for common pollutants, such as zinc and 
ammonia, concentrations greater than 0.3 of the threshold are likely to 
exhibit additive joint action, whereas at concentrations below those considered 
to be 'safe', even with continuous exposure, the effects of chemicals are less than 
additive in some cases (Alabaster and Lloyd, 1982). Most of these experiments 
have been conducted with a variety of fish species, but results from tests with 
aquatic invertebrates are not at variance with these general conclusions. Some 
tests have been carried out on the effect of mixtures on processes such as growth 
and reproduction. The results tend to suggest less than additive effects (Alabaster 
and Lloyd, 1982), but again the main problem is designing a test procedure which 
gives results of the required precision. 

These considerations apply only to those chemicals commonly found in water 
and for which water quality standards are set. A different situation exists for 
groups of organic substances which possess a common quantitative structure- 
activity relationship (QSAR). Recent studies by Kfinemann (1 979, 1980) on the 
toxicity to fish of 61 organic chemicals, including aromatics, chlorinated 
aromatics, aniline, and glycerol, showed that for most of these compounds there 
was a close correlation between the toxicity and the n-octanol- water partition 
coefficient. These chemicals exert a physical effect on the fish and those whose 
toxicity can be described by a QSAR probably have a common mode of action. 
Mixtures of such chemicals were found to have an additive joint action even at 
low concentrations; for example, additive joint action was found for a mixture of 
50 chloroaromatics, chloralkanes, glycol derivatives and related compounds, 
each at 0.02 of their 7- or 14-day LCso. These conclusions are at variance with 
those for UK common pollutants and indicate an area where additional research 
is required, especially for mixtures of these two groups of substances. 
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Tests with Complex Effluents including Wastes As with single compounds, 
routine toxicity tests on complex effluents and wastes do not require a high degree 
of precision of the results. However, if the effluent is sufficiently toxic to be 
unacceptable for disposal in surface waters, then tests need to be designed to 
identify the principal toxic components so that cost-effective remedial measures 
can be determined. Such tests may require a higher degree of precision. 

There are several approaches available for this purpose. Chemical analysis of 
the effluent may indicate the presence of a substance at a concentration sufficient 
to cause the observed toxicity. In this case, a close correlation can be 
demonstrated only by carefully controlled toxicity tests, with attention given to 
other factors which might modify the toxicity of the principal toxic components, 
especially suspended solids. 

Other approaches include sample manipulation, in which specific components 
of the effluent can be removed or completed (van der Gaag, this volume), and the 
effluent retested, or some organic wastes can be fractionated, and the toxicity of 
fractions measured (Parkhurst el al., 1979). Results of such tests have to be 
interpreted with caution; only a major difference in toxicity is likely to be 
significant. Other problems in interpretation of data are discussed by Lloyd and 
van der Gaag (this volume), and include the possibility that the toxicity of an 
effluent after discharge to water may be less or more toxic than predicted from the 
volumetric dilution it receives, because of interactions with chemical and 
physical properties of the receiving water. 

Future Trends in Research One of the major constraints in testing complex 
mixtures is the lack of a common (sublethal) response in the target organism to a 
wide range of chemicals. The response must have the precision necessary for the 
measurement of small changes in toxicity. Although the environmental signi- 
ficance of less-than-additive as compared with additive joint action m a y  seem to 
be minor, this difference does have significance for setting water quality 
standards which are defined for single chemicals. 

It is possible that for the wide range of organic substances found in natural and 
polluted water a quantifiable common response may be liver enlargement as well 
as induction and inhibition of enzyme activities (van der Gaag, this volume). 
Altered liver enzyme activities can give a short-term response to toxic action. 
With complex mixtures, different types of changes in enzyme activity can be 
observed at the same time. F6rlin and Hansson (1982) observed induction of 
hydroxylases and 0-demethylases together with inhibition of Ndemethylases in 
trout exposed to waste water. Similar differences were observed in bream and 
trout from Rhine water (Poels, 1978; Slooff, 1983; van der Gaag et al., 1983). It is 
therefore not always possible to discern whether these complex effects should be 
considered as an induced adaptation or as an adverse effect. 

A special type of bioassay is an in vim test for genotoxicity. These tests have 
been derived from mammalian techniques and are mostly based on DNA 
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damage (such as sister chromatid exchanges, SCEs) as an end-point. A variety of 
freshwater and marine organisms have been used, such as paramecium for the 
detection of mutagenic compounds adsorbed on particulate matter, the mussel 
(Mytilus edulh), a polychaete worm, and several fish species with a suitable 
karyotype (see van der Gaag, this volume). In particular, tests with mussels and 
fish in polluted waters have shown an increased SCE level. However, such 
bioassays need further evaluation in order to assess their usefulness for the short- 
term screening of waters receiving polluting discharges. 
Most tests are conducted at optimum temperatures, but the physiology of 

poikilothenns is changed when they become adapted to low temperatures. 
Attention should be given to evaluating the effects of such conditions on all types 
of responses measured in toxicity tests. 

There is a clear need to develop better models to describe joint action for the 
wide range of chemicals found in polluted waters, with concomitant research on 
test procedures and species responses which would provide the necessary 
precision in the results. 

6.2.2.2 Terrestrial Insects 

This group of organisms is well suited to both short- and long-term experiments 
to measure the effects of various environmental factors including chemical 
compounds. Responses may be measured at the cellular and subcellular levels, at 
the organism level (effects on physiological functions and development), at the 
species level (primarily population dynamics), and at the community level 
(relationship between species within ecosystems). 

Single chemicals and mixtures are usually tested for their effects on insects 
under controlled laboratory conditions. The results can be compared with field 
data and the sources of discrepancies investigated. The main advantage of using 
insects is the ability to test a great range of specialized species. 

However, at present there is little information on the primary effects of non- 
specific chemicals on insects and even less on the effects of mixtures. Most 
information is available on the effects of insecticides, of some other biologically 
active compounds (including juvenoids, sterilants and pheromones), and of 
pathogens on both target and non-target organisms. In addition, the methods for 
evaluating acute lethal and long-term sublethal effects of these; substances are 
well established. Measurements of pathological and developmental changes are 
based on the extent of damage to critical organs, the lethal or effective dose to all 
developmental stages, determination of the most sensitive stage, and the 
proposed mechanisms of action of the whole molecule or specific portions of 
chemical compounds. 
Data on effects of pesticides and %biological' insecticides are evaluated by 

probit analysis to obtain the LDS0. For biologically active compounds, 'effective' 
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uuxs- &Dao, EDso, EDao, EDi oo) haw to be determined for diverse and often 
unrelated species. Comparison of toxicity data for different developmental stages 
can lead to the establishment of the 'inhibition' dose (IDin)b. Also, in order to 
provide a better basis for comparing the toxicity of different chemicals, toxic 
concentrations can be expressed in terms of pT (the reciprocal of the logarithm of 
the molar concentration). 

Evaluation of data from laboratory toxicity tests for a chemical, both short- 
and long-term, is based on changes in metamorphosis, cuticle structure, 
histological changes in internal organs (especially reproductive organs and the 
nervous system) and other cytological, histochemical, and cytochemical irregula- 
rities. Also, disorders in embryogenesis, and changes in populations resulting 
from the effects on fertility, fecundity, and hatchability can be evaluated as 
primary consequences of exposure to chemicals. 

Although data concerning the effects of mixtures on lion-target invertebrates 
are limited, there is considerable literature on the effects of mixtures of 
insecticides with natural substances on insects. There are examples of 
compounds whose joint action is additive, of mixtures of active and inactive 
compounds where the potencies of the active components are potentiated, and of 
several active compounds whose joint action is synergistic. Synergism and 
antagonism between chemicals has a special importance in plant protection by 
either increasing the potency of insecticides or decreasing the resistance of the 
insects. 
Because of the existing knowledge of insect biology, the response of insects to a 

great variety of specific chemicals, and the existence of an established testing 
methodology, these organisms have considerable value for the testing of other 
chemicals, both single chemicals and mixtures. 

6.3 METHODS FOR DETERMINING TOXICITY OF MIXTURES 
TO HUMANS 

Three methods are discussed below that can be used to identify potential adverse 
health effects in humans resulting from exposure to a mixture of chemicals. These 
methods are the comparative potency method, tests in experimental animals 
(mammals), and short-term Wts for ptmtial carcinogens or mutagens. 
Epidemiology is discussed in detail in section 3. 

6.3.1 The Comparative Potency Method Ã‘ Epidemiology 

There are great uncertainties when extrapolating animal data to man. Wherever 
possible, linkages between animal data on specific compounds and mixtures 

a The dose producing some selected or defined effect. 
The dene which inhibits progress towards the next developmental stage of an organism. 
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should be established with human responses to improve the usefulness of animal 
data. One such approach is the comparative potency method. One of the earliest 
applications of this method was in the case of bone-seeking radioisotopes. 
Extensive epidemiological information was available on bone cancer induction 
by radium226 in humans, dogs, and rats. There was a need to determine the 
carcinogenic impact of other bone-seeking isotopes such as plutonium-239 and 
strontium-90, and so experiments were conducted to determine the comparative 
potency in dogs and rats of plutonium-239, strontium-90, and radium-226. With 
this comparative potency data in hand, the carcinogenicity of strontium-90 and 
plutonium-239 could be estimated by using human data for radium-226 (Albert, 
1985). 

The comparative potency method is also applicable to complex mixtures. For 
example, there was a wed to estimate the carcinogenic impact on the general 
public of exposure to diesel engine exhaust emissions on the assumption that 
25 % of the automobile fleet would be equipped with diesel engines. At the time, 
there were no epidemiological or experimental animal data that related exposure 
to diesel exhaust particles to the induction of lung cancer. Cancer risk from 
exposure to diesel exhausts was determined by comparing the carcinogenic 
potencies of diesel exhaust particulate extracts with those of coke-oven 
emissions, roofing tar aerosols, and cigarette smoke tars, which were the only 
materials with some chemical resemblance to diesel particulates and for which 
there were human data. In vitro mutagenicity assays and mouse skin tumour 
initiation studies were conducted. The in vitro tests included reverse mutation in 
Salmonella typhimurium TA 97 (Ames test), forward mutation at the thymidme 
kinase locus in L5178Y mouse lymphoma cells (mouse lymphoma assay), and 
SCE in Chinese hamster ovary cells. The in viuo test consisted of skin initiation 
bioassay in the Sencar mouse. The dose-response data from epidemiological 
studies were assumed to fit a linear non-threshold model. This was also assumed 
for the in vitro and in vim studies; here the data were consistently linear in the 
lowdose range. The human lung cancer response to coke-oven and roofing tar 
emissions and cigarette smoke was expressed in terms of 'unit risk' which is the 
lifetime excess lung cancer risk from continuous exposure per microgram of 
carcinogen per cubic metre of inhaled air. Multiplication of the relative potency 
of the engine exhaust particulates by the unit risk for each of the corn- 
parative samples yielded the unit risk for diesel exhaust particulates (A1 bert et al., 
1984). 

There was very good correspondence between the relative potencies of the 
coke-oven, roofing tar, and cigarette smoke condensate samples obtained from 
epidemiological data and the mouse tumour initiation data. The correspondence 
between the in vitro data and the epidemiological data was not as good. The 
Ames test gave very high responses for diesel samples, presumably because of the 
sensitivity to the nitroaromatics in the engine exhausts. The mouse skin initiation 
bioassay provided the best tool for the comparative potency evaluation but the 
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exhaust particles from various kinds of engines (Albeit et al., 1984). 
The comparative potency method has also been applied to other complex 

mixtures involved in synthetic fuel plants, namely coal liquefaction process 
streams. Here, the bioassay tool that was used was mouse skin tumorigenesis. 
The potency of the various distillate fractions was related to the potency of 
bemo[alpyrene, which provided the link to the mouse skin studies with coke  
oven particulates; thus the potency of the synthetic fuel distillate fractions could 
be compared with the potency of coke-oven particulate extracts in mouse skin in 
terms of benzo[a]pyrene, which in turn provided the linkage between the 
distillate fractions and coke-oven cancer induction in epidemiological studies 
(Albert et ul., 1984). 
The comparative potency method can be used for cancer promoting agents or 

mixtures, using the rat liver bioassay and the human hepatocellular adenoma 
response to oestrogens in contraceptive pills. 

The limitations of the method are related to the extent to which the bioassay 
tests are relevant to human responses and the degree of similarity of the tests and 
of the compounds or mixtures used in the comparison. 

6.3.2 Whole Animal Studies 

The most commonly accepted data for the prediction of human health hazard are 
those obtained from whole animal studies which consistently show positive 
results in both sexes and in several strains and species, and with higher incidences 
occurring at higher doses. Thus, results of animal bioassays, conducted largely in 
rodents, have been and will continue to be the major source of data for estimating 
risk in humans from exposure to chemicals or mixtures ofchemicals. However, it 
is important to remember that the rodent bioassays, as currently designed, are 
only approximately predictive of the potential of achemical to produce disease in 
humans. Purchase (1980) examined data on 250 chemicals which had been tested 
for carcinogenicity in rats and mice. Of 126 chemicals found to be carcinogenic in 
rats, only 78 % were carcinogenic in mice. Of 119 chemicals found not to be 
carcinogenic in rats, only 82 %were non-carcinogenic in mice. Conversely, of 1 30 
chemicals found to be carcinogenic in mice, only 84 % were carcinogenic in rats, 
and of 115 chemicals which were not found to be carcinogenic in mice, 85 %were 
non-carcinogenic in rats. These data allow us to determine, in general, how 
accurately the mouse can predict cancer in the rat and vice versa. Thus, 
considering cancer at all sites, the rat as a predictor of cancer in the mouse has a 
reliability of about 85 %. The mouse, as a predictor of cancer in the rat, has a 
reliability of about 82 %. It is reasonable to assume that the ability of the rat or 
mouse to predict the potential or lack ofpotential of a chemical to causecancer in 
man is no better than their ability to predict the same effect in each other. We 
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might also expect that, in general, the rat and mouse may not predict with any 
greater specificity the ability of a chemical or mixture of chemicals to cause in 
man adverse effects other than cancer. However, the advantages of animal 
studies outweigh their limitations as predictors of potential toxicity of chemicals 
in man. Also, many neoplasms and other disease states seen in rats and mice 
exposed to chemicals have morphological and behavioural characteristics similar 
to those in man. 

When evaluating potential adverse health effects resulting from human 
exposure to a mixture of chemicals, the first step should be to determine, to the 
extent possible, the chemical composition of the mixture. For those compounds 
in the mixture which have an adequate toxicology data base, the potential for 
adverse health effects in man can be determined and maximum concentration 
limits (MCLs) established. In this way the control of human exposure to known 
chemicals can be rapidly achieved. For those compounds in the mixture for 
which some, although inadequate, toxicity data exist that suggest a potential for 
adverse effects, an interim MCL could also be set. For the determination of the 
compounds in the mixture which may pose a risk of health damage it is essential 
to have knowledge of the kinds and amounts of industrial, agricultural, and 
household chemicals which, because of local practices, may be present in a 
specific mixture. 

Toxicological evaluation of each chemical in the mixture for which the 
toxicological data base is inadequate will usually not be economically feasible. In 
addition, human subjects will be exposed to a mixture of chemicals and not to the 
individual compounds. Therefore, the use of a mixture of chemicals in laboratory 
tests is a toxicologicalty sound approach which will automatically take into 
account the possible antagonistic, additive, or synergistic effects which may 
occur as a result of the joint action of various compounds present in the mixture. 
Therefore, in evaluating the potential to produce adverse health effects, the 
mixture or a facsimile of the mixture of chemicals to which humans are exposed 
should be administered to experimental animals by the most appropriate route 
and, using classical toxicological procedures, evaluated for evidence of adverse 
effects. 

The major toxicological end-points that may be observed in humans as a result 
of exposure to a mixture of chemicals are acute intoxication, damage to specific 
organs and systems (e.g. kidney, liver, respiratory system, immune system), 
cancer, somatic or germ cell mutations, birth defects, and damage to reproduct- 
ive function. In evaluating the potential toxicity ofchemical mixtures to man, it is 
desirable to test laboratory animals for each of these end-points using exposures 
that are much higher than those to which humans are or may be exposed. The 
route of exposure of experimental animals to the mixture should be, ideally, the 
same route by which humans are exposed. Thus, if humans are exposed to the 
mixture predominantly by inhalation, this should be the preferred route of 
exposure for experimental animals. 



128 Methods for Assessing the Effects of Mixtures of Chemicals 

6.3.3 Short-term Tests for Carcinogens and Mutagens 
A recent development is the availability of methods for determining the potential 
mutagenicity or carcinogenicity of single chemicals and chemical mixtures. 
Substantial evidence indicates that one step in carcinogenesis is the damage or 
mutation of DNA. Many bacterial and mammalian cell culture systems can 
detect such chemically induced alterations. Because there is some correlation 
between the activity of chemicals in these assays and carcinogenic activity in 
humans and rodents, they have been termed 'short-term' tests for carcinoge- 
nicity. Substantial progress has been made in the development of these assays so 
that one can now measure chemically induced alteration of DNA in bacteria, 
insects, mammalian cells in culture, human cells in culture and, in some cases, 
cells from living animals exposed to these chemicals. Therefore, such short-term 
tests can be useful for qualitative prediction of potential carcinogenicity of a 
mixture of chemicals to humans. The major advantage of these tests is that they 
are relatively rapid and inexpensive compared with whole animal tests or 
epidemiological studies. A major shortcoming of the short-term tests that are 
currently available is that they are only able to detect the potential mutagenicity 
or carcinogenicity of chemicals or mixtures of chemicals which act as initiators. 
Short-term tests for the detection of promoters of carcinogenesis are being 
developed but are not yet generally available. In addition, short-term tests do not 
provide useful information on the potential potency of carcinogenic chemicals in 
man. It is apparent that, for all carcinogenic chemicals, there is a level of human 
exposure below which the risk is acceptable. Information on carcinogenic 
potency of chemicals is therefore necessary when regulating human exposure. 
Carcinogenic potency data are at present provided only by epidemiological 
studies or long-term whole animal assays for carcinogenicity. 

Short-term tests for genotoxicity are relatively inexpensive and rapid. 
However, testing of complex environmental mixtures in short-term bioassays 
can involve several problems. These include possible interaction of solvents with 
test compounds (Nestmann et at., 1980), toxicity of non-mutagenic substances to 
bacteria or liver homogenates, competition of indirect mutagens for enzyme 
sites, co-mutagenic effects, and interactions of compounds during concentration. 
Therefore, it should not be surprising if mutagenic activity of fractionated 
samples turns out to be higher than that of the original samples. Even with these 
limitations, short-term tests can be of great practical use as shown below in 
studies of drinking water. 

6.3.4 Studies of Drinking Water 

Drinking water samples in short-term genotoxicity bioassays must be specially 
prepared. Usually, organic substances are isolated from water by nitrogen- 
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stripping of volatile compounds, freeze-drying, adsorption on XAD macroreti- 
cular resins, or using reversed-osmosis techniques (for a review see Loper, 
1980). Each of these techniques is selective for the range of compounds that can 
be isolated. Not more than 5 % of the isolated, less-volatile organic material can 
be identified with gas chromatography/mass spectrometry (GC/MS) techniques 
(Noordsij et d., 1983). There is little hope of identifying at short notice specific 
compounds responsible for biological effects by coupled fractionation and 
bioassays. High-performance liquid chromatography (HPLQ or thin-la yer 
chromatography could also be used (Tabor and Loper, 1980) but a large part of 
the sample is irreversibly adsorbed on the column. Improvement of analytical 
techniques will be necessary to make progress in this field. In spite of these 
limitations, it is still possible to make good use of the available techniques. 

Several water treatment processes in The Netherlands were screened with a 
coupled chemical and biological assay using an automated XAD-adsorption 
technique described by Noordsij eta/- (1983). Final concentration was achieved 
in ethanol (concentration factor up to 40 000); in the same sample this technique 
allowed for chemical analytical measurements, GC/MS, HPLC, determination 
of group characteristics such as identification of organohalogens, and 
short-term bioassays. The results of the Salmomila/microsome mutagenicity 
test in several water supplies, together with chemical analytical measurements 
(van der Gaag et d, 1982) and the evidence of many other studies, resulted in the 
elimination of chlorination in areas where no health objections interfered with 
such a change. Short-term tests alone were only a part of the evidence. These 
alterations could only be made because of the low cost involved. Extensive and 
costly changes in water treatment processes would require a more thorough 
investigation of the local situation by means of short-term screening tests and 
other toxicological assays. 

Short-term screening tests have also been used in research on the optimization 
of some water treatment processes, as, for instance, by granulated activated 
carbon filtration. By applying this process, mutagenic compounds can be 
efficiently adsorbed for a long time (Kool and van Kreijl, 1984; van der Gaag 
et at., 1982). Coupled with a suitable sample preparation, short-term screening 
tests such as the Ames test can give rapid information on adsorption kinetics and 
breakthrough of mutagenic compounds (Kruithof et al., 1985). One must realize, 
however, that this approach screens only for genotoxic substances. Promoting 
agents and effects on reproduction are not taken into account. This approach 
must be seen as a possibility for making improvements in a water treatment 
process within certain limits. Only further examination with other toxicological 
methods can form a basis for final risk assessment. 

An example of the difficulties that may be encountered in evaluating the 
potential toxicity of acomplex mixture ofchemicals in drinking water is the study 
of organic chemical contamination of drinking water. This issue is of current 
public and regulatory interest, but the principles expressed in this example are 
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also applicable to exkuaiin U/ UUALMM of chemicals from other sources and by 
different routes. 

Hundreds of organic compounds have been identified a s  contaminants of 
finished drinking water, but the compounds identified are thought to represent 
less than 10 % of the organic matter present in drinking water. The majority of 
compounds which have been identified are present at very low concentrations 
(< 1 pgfl). The task of formulating an artificial mixture of compounds present in 
drinking water for use in laboratory tests would be formidable. An alternative to 
formulating an artificial mixture would be to concentrate the mixture of 
chemicals present in water. This procedure is feasible for non-volatile com- 
pounds. However, a large fraction of volatile organic material present in water 
would be lost in the concentration procedure. Thus, in preparing a suitable 
mixture of organic chemicals present in drinking water for whole animal testing, 
an artificial mixture of volatile organic compounds detected analytically should 
be combined with the non-volatile organic fraction. The major part of the non- 
volatile organic fraction cannot be structurally identified by the available 
analytical techniques, and the fraction must be prepared by concentrating 
finished drinking water. Techniques such as lyophilization, followed by removal 
of the inorganicchemicals from the residue, reversed osmosis, and adsorption on 
resins can be used to prepare a sample of non-volatile organic compounds. 

A procedure which would simplify the preparation of an artificial mixture of 
volatile organic compounds in drinking water would be to exclude the 
compounds that are present in concentrations of less than 1 us/}. For those 
compounds which have the potential to cause acute or chronic adverse effects in 
man, the concentrations of concern almost invariably exceed 1 #/I. For 
example, the pesticide aldicarb, which, of all the compounds so far identified in 
drinking water, has the greatest potential for acute toxicity, apparently does not 
pose a significant risk in humans at a concentration of 10 &I or perhaps even 
higher (Neal, 1984). For compounds in drinking water which may cause chronic 
adverse effects, the concentrations that are judged to pose an unacceptable 
cancer risk are almost always > 1 pgfi based on an extrapolation to a l o 5  risk 
level (Neal, 1984). 
The toxicity of the mixture of volatile and non-volatile organic chemicals 

prepared from finished drinking water should be evaluated by administering to 
animals the amounts of the mixture considerably in excess of the amount found 
in drinking water. The volatile compounds present in the mixture should be 
present in the same relative concentration in which they occur in water supplies. 
If an unacceptable level oftoxicity is observed in animal studies, attempts should 
be made either to reduce the level of all organic contaminants by various 
treatment processes or to determine, by fractionation of the mixture and 
additional testing, the component or components of the mixture responsible for 
the toxicity and take steps to reduce the concentration of these compounds to 
acceptable levels. A procedure for simplifying the evaluation of the potential 
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toxicity to humans of organic chemical contaminants in drinking water has 
recently been proposed by Neal (1983). 

There are several limitations to any laboratory procedure designed to assess 
the potential toxicity to man of multiple chemical contaminants in a drinking 
water supply or other source. For example, it will not be possible to prepare a 
totally representative mixture of chemical contaminants present in drinking 
water. The mixture of chemicals used in laboratory studies may be reasonably 
representative of the chemical contaminants present at any one time. However, 
there is no guarantee that the chemical contaminants in the water supply will not 
vary both qualitatively and quantitatively with time and that some variation in 
toxicity may result. Another limitation is the availability of a suitable control 
group. Theoretically, a suitable control group for a study of chemical coatamin- 
ants in water would consist of animals administered elevated levels of a 
representative chemical mixture from an 'uncontaminated' water source. For an 
inhalation study, the control group should be exposed to an atmosphere 
essentially free of chemical contaminants. However, the determination of what 
represents a 'contaminated* as compared with an 'uncontaminated' water or air 
supply may not be straightforward. 
Two comprehensive protocols for evaluating the potential toxicity to man of 

mixtures of chemical contaminants in drinking water have been proposed. One 
of these (Neal, 1982a) recommended only the use of in vivo studies. Another 
(NAS, 1982) recommended both in vitro and in vivo tests. The NAS protocol 
recommended the use of a tiered approach to toxicity testing using a mixture of 
chemicals concentrated from the water supply. The first phase consists of in vitro 
testing for mutagenicity and mammalian cell transformation. In addition, the 
chemical concentrate would also be tested for acute toxicity, teratogenicity and 
short-term ( 14-day) repeated dose toxicity, including a cytogenetics assay. In 
phase 2, a subchronic (90-day) study would be carried out in at least one, and 
preferably two, rodent species. Also during phase 2, the chemical mixture would 
be examined for its ability to produce effects on reproductive function in one 
rodent species. In phase 3, a chronic toxicity test would be carried out in one 
rodent species. 

Because of the difficulties currently inherent in the interpretation of results of 
in vitro genotoxicity studies with chemical mixtures, their use as the sole means of 
assessing potential carcinogenicity to humans is not recommended. Rather, it is 
recommended that the assessment be based primarily on the results of whole 
animal studies using the outcome of short-term tests for genotoxicity a s  an aid in 
interpreting the results. 

In carrying out whole animal studies (other than for acute toxicity), the highest 
dose of the artificial mixture of chemicals present in drinking water should be at 
least 1000 times the expected human dose, or the maximum tolerated dose 
(MTD), whichever is lower (Neal, I982b). Similar considerations should be 
applied to the maximum dose to be used in testing mixtures to which human 
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subjects are exposed by inhalation. It is recommended that two additional doses 
be administered to experimental animals in order to estimate dose-response 
relationships. 

Acute Toxicity The evaluation of possible acute effects of chemicals present in 
finished drinking water requires monitoring for known acutely toxic chemicals 
which may be present, combined with experimental animal studies of a 
representative mixture of contaminants. The acute oral toxicity of a chemical 
mixture should be tested in young adult male and female rats, and the mixture 
administered by gavage or contained in a gelatin capsule (Neal, l982b). Detailed 
procedures for measuring acute toxicity in rodents have been described elsewhere 
WAS, 1977; OED, 1981). Because of possible limitations in the amount of the 
mixture available, a modified procedure for evaluating acute toxicity using fewer 
animals and fewer doses should be considered. 

Subchronic Toxicity Valuable information on potential adverse effects in 
humans of the mixtures of chemical contaminants present in finished drinking 
water can be derived from subchronic testing in experimental animals. Results of 
this test will give information on the ability of a combination of organic 
chemicals to produce adverse effects on various organs and systems, including 
the haematopoietic, nervous, and immune systems, and mortality. The tests are 
usually conducted in two species: one test in a. rodent species and another in a 
non-rodent species. The usual non-rodent species is the dog. However, the 
difficulty in obtaining sufficient amounts of the various chemicals which would 
be likely contained in the mixture precludes the use of dogs. It is, therefore, 
recommended that two rodent species be used in the subchronic study. Detailed 
procedures for the conduct of a subchronic study are described elsewhere WAS, 
1977; O E D ,  1981). 

Chronic Toxicity The major concern regarding chemical contamination of 
drinking water is the potential to cause human cancer. However, it must be kept 
in mind that chronic effects other than cancer may result from human exposure 
to chemical contaminants in drinking water; studies designed to evaluate chronic 
effects should, therefore, consider all possible end-points, including effects on 
organs and systems, and particularly neurotoxicity, and the effects on the 
haernatopoietic and immune systems. 
The chronic toxicity test using artificial mixtures should be carried out in two 

rodent species, the rat and the mouse. The animals should be administered the 
concentrated mixture of organic chemicals daily for approximately 24 months or 
the normal lifespan of the strain used. At least three doses of the concentrated 
organic chemical mixture should be administered. The highest dose should 
preferably be a dose which demonstrates some toxicological or pharmacological 
effects or, in the absence of biological effects, at least a dose representing 1000 
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times the anticipated human exposure level. However, this dose should be 
selected so as not to cause excess mortality during the test. The lowest dose 
should ideally not produce any evidence of toxicity. If possible, the organic 
chemical mixture should be administered in drinking water. Otherwise, the 
organic chemical concentrate should be administered daily by gavage or in a 
gelatin capsule. Clinical laboratory testing should be conducted periodically 
throughout the experiment, and should cover blood morphology and chemistry, 
urine analysis, and any other tests which are indicated by the signs shown by the 
animals. At the termination of the experiment, all animals should be subjected to 
gross necropsy and histopathological examination for organs and effects on 
systems and for increased incidence of neoplasia. Observation of animals for 
behavioural anomalies should also be included. Additional details on conducting 
chronic rodent studies have been described elsewhere WAS, 1977; OECD, 198 1). 

Teratogenkiiy The representative chemical mixture from the finished drinking 
water should be examined for teratogenicity. The mixture should be ad- 
ministered to a rodent species daily in drinking water or, if this is not possible, by 
gavage or in a gelatin capsule beginning at or before the time of implantation of 
the ovum and continuing through the period of major organogenesis. The study 
should be carried out with at least three doses of the concentrate. The highest 
dose should preferably induce some foetal or maternal toxicity, as demonstrated 
by body weight reduction or other toxicity signs, but should not cause more than 
10 %maternal deaths. However, a dose of the chemical mixture that is 1000 times 
higher than the daily anticipated human intake need not be exceeded. The lowest 
dose should, ideally, not induce any adverse effects. Additional details for the 
conduct of teratogenicity studies are described elsewhere (NAS, 1977; OECD, 
1981). 

Effects on Reproductive Functions The potential for adverse health effects on the 
rodent male and female reproductive systems should also be assessed. This can be 
accomplished by using the standard two-generation reproduction test. At least 
three doses should be administered. The highest dose should preferably produce 
an observable toxicological or pharmacological effect in the test animals but 
should not cause more than a 10 % mortality. A dose representing 1000 times the 
anticipated human intake need not be exceeded. The lowest dose should, ideally, 
produce no adverse effects. The chemical mixture should be administered in the 
drinking water if the animal tolerates it. Otherwise, it should be given by gavage. 
Additional details for conducting reproductive studies are described elsewhere 
WAS, 1977; OECD, 198 1; Vouk and Sheehan, 1983). 

Gemtoxicity The results of genotoxicity testing are useful for interpreting the 
results of chronic testing ifl rodents. Several validated tests for the genotoxic 
properties of chemicals are currently in use. For the testing of chemical mixtures, 
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a battery of tests is recommended. As a minimum, the following tests should be 
conducted: a bacterial test for mutagemcity, a 1' cell test for mutage- 
nicity, an in vitro cytogenetic test, and a test for unscheduled DNA synthesis. 

An approach similar to that described for drinking water could also be used for 
assessing the potential human health effects of exposure to mixtures of chemical 
contaminants in food, in air, or by dermal contact. If sufficient amounts of the 
mixture are available, animal tests should be carried out by the same route by 
which human exposure occurs; and, if the mixture is not readily available, the 
chemicals present in the mixture should be determined by chemical analysis. For 
chemicals for which there is enough information on toxicity, MCLs should be 
established for immediate control of the potential hazard. If there are several 
compounds present for which the toxicological information is limited or not 
available, consideration should be given to laboratory tests in experimental 
animals using an artificial mixture of chemicals present in food or air. If a large 
number of chemicals are present, some of which are at low concentrations, 
animals could be exposed to an artificial mixture which contains only those 
compounds occurring above some preselected concentration. This selected 
concentration should take into account historical data indicating levels of various 
chemicals in food or air which are suspected to cause adverse human health 
effects. 
Exposure to a chemical mixture may occur by several routes. In this case the 

route of exposure which is suspected to produce the most severe adverse effects 
should be used in laboratory studies (Neal, l982b). 

6.4 RISK ASSESSMENT: IMPLICATIONS OF TOXICTTY DATA 
FOR COMPLEX CHEMICAL MIXTURES 

Animal toxicity studies are usually undertaken to relate the results of the studies 
to the likely outcome in humans to the same mixtures under differing conditions. 
The intention of this section is to provide some guidance on the interpretation 
of such information with regard to the anticipated public health consequences of 
ambient exposures. The assessment of exposure is an essential part of estimating 
the risk of damage to human health. A discussion of various routes of exposure is 
given in section 1 of this report. 

Any mixture of chemicals, from air, from water, or from any particular source, 
is considered an integral unit or 'substance' for purposes of toxicity evaluation. It 
is recognized that some mixtures, after initial toxicity testing, may be further 
subdivided into units in order to determine with increasing specificity the 
aetiology of observed toxicity manifestations. When this is done, each fraction of 
the original mixture is treated as a 'substance* with regard to testing and 
predicting adverse human health effects. 

The interpretation of toxicity data for mixtures can be categorized, for the sake 
of discussion, into two separate parts, each of which contains principles to guide 
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the selection and analysis of data. The interpretation of data is separated into (a) 
qualitative extrapolation of adverse effects from test species to human species, 
and (b) the estimation of risk or safety by quantitative extrapolation from high 
(generally experimental) doses to the much lower doses usually encountered in 
human exposure. 

Interspecies extrapolation involves several decisions: for example, the selection 
of data from the most appropriate test species and strain, and the selection of one 
or more critical pathological manifestations. Although much is known about the 
comparative anatomy, physiology, and biochemistry of conventional test species 
(e.g. the rat and mouse) and humans, there remains considerable uncertainty 
about their respective reactions to many known chemicals. This uncertainty is 
often reduced if we understand the metabolism and mechanisms of action of these 
compounds. However, since complex mixtures are for the most part chemically 
uncharacterized, metabolic studies are essentially unfeasible, and are of necessity 
rather limited. Consequently, the test species and pathological responses to be 
extrapolated are selected on the basis of experience. 

In extrapolating toxicity information from laboratory animals to humans, 
both inter- and intraspecies variability are generally taken into account, 
historically by applying arithmetic adjustments based upon known and antici- 
pated distributions of sensitivity to chemicals. This approach assumes that the 
true population sensitivity is correctly identified, a premise that remains 
controversial. A modification of this approach to interspecies extrapolation of 
data of mixtures usually involves the identification of one or two compoundsin 
the mixture as reference compounds assuming that they adequately represent the 
toxicity of the mixture, and assuming that their concentrations and those of the 
other compounds in the mixture remain relatively constant with time. Then the 
data from the reference compound(s) are extrapolated to humans in the same way 
as for any other single chemical, and the result is applied to the parent mixture. 

The other major process is high-blow dose extrapolation. This evaluation 
involves the analysis of dose-response information, the determination of 
reference doses and dose-response curves, and the use of techniques to estimate 
relative risks and safety for defined exposure levels. Currently the models used in 
this extrapolation are of two types: those for chemicals which exhibit no threshold 
for adverse effect (carcinogens and mutagens) and those which have thresholds 
(see section 5). For the chemicals with thresholds, models have been designed to 
extend dose-response curves beyond the observed range. Two models, the 
multistage and multihit models, appear to have the strongest scientific justifi- 
cation. Since the multistage model appears to provide a more robust estimate of 
the upper bound of risk, and since a complex mixture that is carcinogenic is likely 
to have carcinogens that function by many different mechanisms of action, it is 
advisable to apply the multistage model to data on mixtures. In applying this or 
any other model, an adjustment should be made for interspecies differences in 
body weight (e.g. by converting a dose to mg/kg body weight or to a dose based on 
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surface area, mg/m2). A dose-response curve that is derived mathematically can 
be extended to any previously determined 'virtually safe dose' such as 1 0  or 
1 0 6  of an effective dose, or any other level. A major difficulty with this approach 
must be recognized: if the cancer response observed is the result of synergism that 
occursonly at highdoses, it may not be possible to extrapolate the observations to 
levels as low as perhaps 10%f an effective dose. Only information about the 
mechanisms of action could provide insight into the most defensible interpret- 
ation. The threshold model of carcinogenic potency estimation is based on 
statistical deviations from the control level. 
For mixtures of chemicals that do not have thresholds, theclassical approach in 

establishing a safe level has involved the application of 'safety' factors to reduce 
the probability of adverse effects, and 'uncertainty' factors to account for data of 
varying quality. In general, these adjustments have been of the order of 
magnitude of 10, 100, or 1000 and have been applied to the estimated no- 
observed-effect level (NOEL). 

In some special circumstances, both interspecies and high-to-low dose 
extrapolation may be circumvented. Such circumstances would include the 
selection of alternative technologies as, for example, the possible replacement of 
the gasoline engine by the diesel engine. If the replacement technology produces 
mixtures that induce cancer at proportionately lower doses and at steeper slopes 
than the mixtures produced by the preceding technology, it may be assumed that 
thecancer risk is less for the old than the new technology,providing that exposure 
levels remain unchanged WAS, 1982). 

The scientific information derived from risk assessment often becomes for 
authorities a vital part of standard setting for various materials in numerous 
settings. It is recognized, however, that some organizations set standards by 
medical and biological priorities while others compare risks and benefits, and still 
others include sociopolitical and economic considerations. 

6.5 CONCLUSIONS 

(1) When testing for the joint action of chemicals in mixtures, a proper selection 
of test methods, environmental conditions and a few representative species 
illustrating different biochemical reactions i s  required. The test species can be 
chosen from among taxonomically unrelated species which are known to be 
sensitive to a wide variety of reference chemicals. In tests for synergism, the 
species should be sensitive to different chemicals having different modes of 
action. The test species need not necessarily be different from the representative 
species chosen for individual chemicals but a greater precision of data generated 
may be necessary to demonstrate the extent of the joint action of the mixture. 
Within each species, tests on physiologically distinct stages in the li fe-cycle may 
be necessary to determine variation in the response to mixtures. Chronic toxicity 



Testing CompIex Mixlures 137 

testing is essential when the chemicals being tested are persistent or constantly 
discharged to the environment. Further research i s  needed to identify indicator 
organisms useful for chronic toxicity testing. 

(2) In spite of the great potential for chemical interactions, the likelihood of 
significant synergism actually occurring in nature after dilution and distribution 
of chemicals in the environment is in most cases remote. The likelihood of 
synergistic reactions would also be reduced by the physical and chemical buffering 
properties of the many competitive natural chemicals in the environments, and the 
varying sorption, volatilization and degradation properties of each individual 
chemical in the mixture. 

(3) Simultaneous human exposure to several chemicals or complex chemical 
mixtures may produce toxicity that is different from that observed if the exposure 
to these compounds were sequential. If there are several significantly toxic 
compounds in the mixt we, their toxicity may be greater than additive, additive, or 
less than additive. Which of these alternatives occurs depends on a complex set of 
factors among which is the ability of one or more of the compounds present in the 
mixture to change the metabolism, excretion, or binding to receptors of other 
chemicals in the mixture. One way of determining the potential adverse effects in 
humans of exposure to the mixture is to carry out laboratory tests in experimental 
animals using the chemical mixture involved in human exposure. These tests 
should cover acute, subchronic, and chronic toxicity. The results of short-term 
tests for genotoxicity will be of assistance in the interpretation of the results of 
chronic carcinogenicity studies. Studies of the ability of the mixture to cause 
reproductive toxicity and to produce terata in experimental animals should also 
be carried out. In  several instances, human individuals or populations are exposed 
to highly complex mixtures of chemicals, some of which are present at very low 
concentrations. Also, some of the compounds may have physical or chemical 
properties which suggest that they may pose a smaller risk of human health 
damage than other chemicals in the mixture. In these cases, consideration should 
be given to restricting the laboratory tests to compounds present above some 
minimal concentration or possessing chemical or physical properties which 
suggest they may pose a greater risk. This approach could be used in assessing the 
potential toxicity of chemical mixtures to which humans are exposed by ingestion, 
inhalation, or dermal contact. 

(4) Testing of mixtures in mammalian and non-mammalian systems is similar 
to that for individual compounds but additional studies may be necessary to 
identify active constituents for remedial action. 

(5) As regards aquatic and terrestrial species, considerable progress has been 
made in measuring the effects of mixtures on fish and insects. There is a need for 
greater precision in the test used and measurements should be made of effects at 
different stages in the life-cycle, in different environmental conditions, and for a 
range of temperatures. Such tests should be extended to other representative 
species. However, because of the great complexity of the problem, the develop 
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merit of validated predictive models is MI essential requirement to avoid 
unnecessary waste of manpower and resources. 

(6) The comparative potency method provides a means for linking animal and 
short-term bioassay data to human responses for compounds or mixtures for 
which there are no human response data. Compounds or mixtures similar to the 
test material, for which there are human response data, are used. 

(7) The data derived from toxicity testing of mixtures can often be used in the 
assessment of risks of human health damage. Predicting the human health 
consequences of exposures to mixtures requires the extrapolation of laboratory 
animal data to humans and the extrapolation from experimental doses to much 
lower levels of ambient exposures in various media. These extrapolations for 
mixtures involve greater uncertainties than those for single compounds for which 
metabolic and mechanistic data can be of extensive assistance. In special 
circumstances, extrapolations can be avoided by directly comparing the toxic 
potency of one mixture with that of another mixture. Descriptions and estimates 
of risks of damage to human health form the basis for various societal strategies to 
balance risks against benefits. Risk assessment based on bioassay data is uncertain 
but sometimes necessary for regulatory action. 

6.6 RECOMMENDATIONS 

(1) Every effort should be made to obtain all the relevant information on mixtures 
of chemicals prior to testing, including: 

(a) physical and chemical properties of components to assess the stability of the 
mixture in various compartments (e.g. air, water, soil) of the environment; 

(b) environmental concentrations of each chemical in the mixture in various 
compartments of the environment, and at various time intervals after 
discharge or disposal. 

(2) Selection of representative species for testing can be based on: 

(a) the species most likely to be contaminated by the chemical; 
(b) at least three species from different orders and phyla of living organisms. 

(3) When the initial toxicity evaluation has been completed and mixtures 
appear to present potential toxicological problems, then species and environ- 
ments specific to the problem should be used for further testing. In addition, 
chronic effects using life-cycle exposures should be evaluated if judgement 
indicates that organisms will continue to be exposed to the same or similar 
mixtures as originally used. 

(4) Additional research is needed to improve the procedures for concentrating 
mixtures of chemicals from food, air, soil, and water for use in toxicity testing. 

(5) There is a need for reliable methods for detecting the ability of mixtures of 
chemicals to promote tumour incidence in experimental animals. These methods, 
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in combination with short-term tests for detecting initiators of carcinogen& 
may eventually serve as a substitute for the expensive and time-consuming long- 
term animal carcinogenicity assays. 

(6) Knowledge of structure and concentrations of chemicals present in a 
mixture is essential for the design of tests to determine the toxicity of a mixture, 
unless sufficient quantities are available to test the mixture directly in experimen- 
tal animals and other model systems. In the absence of adequate quantities, an 
artificial mixture may have to be prepared. A knowledge of chemicals present in 
themixtures is essential for preparing a simulated mixture. If possible, test animals 
should be exposed by the same route by which human exposure is expected to 
occur. 

(7) In order to maximize the use of comparative potency as a method for 
linking bioassay results and human responses, data on single compounds and 
mixtures should be obtained wherever possible by epidemiological and experi- 
mental animal studies. This recommendation is particularly pertinent for 
carcinogenesis studies. 

(8) The estimation of risks in humans from animal toxicity data should be 
undertaken with considerable caution because of the many possible confounding 
factors and biological uncertainties (e.g. lack of metabolic data) which charac- 
terize complex mixtures. When assessing the risk, expert scientific judgement must 
be applied to make full use of all of the data and to take into account all the 
uncertainties. 
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