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It is well recognized that the air pollution 
encountered by humans is a mixture of pollut-
ants that varies from place to place and with 
time. Acknowledgement of the full complexity 
of the mixture is an appropriate starting point 
to consider approaches to research the carcino-
genicity of air pollution and evaluate the evidence. 
Current regulatory and research strategies tend 
to disregard the full complexity of the mixture. 
A small number of widespread pollutant species 
or classes that are known or thought to be of 
key health importance have been given highest 
priority for regulatory attention. In response, 
most research efforts have been directed towards 
these few pollutant groups. This situation is quite 
understandable; however, to move forward, it 
must first be recognized that the multipol-
lutant dilemma (Mauderly et al., 2010) extends 
far beyond interactions among a few widely 

monitored species. In short, the carcinogenic 
hazard of air pollution cannot be understood by 
considering only those few pollutant species that 
are measured routinely and for which epidemio-
logical evidence is available.

In the USA, for example, most regulatory 
and research energy is focused on the six criteria 
pollutants (carbon monoxide, lead, nitrogen 
dioxide, ozone, particulate matter [PM], and 
sulfur dioxide) named in the Clean Air Act (as 
amended in 1990), which leaves few resources 
to be directed towards the 33 urban air toxics 
designated as most important among the 188 
hazardous air pollutants (HAPs) (EPA, 1999, 
2001a, 2004), and fewer yet are directed towards 
the remaining 155 HAPs. HAPs exist in the 
particulate, vapour, and gas phases, and many 
are listed because of their known or suspected 
carcinogenicity. Very little attention is given to 
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the myriad other natural and anthropogenic air 
contaminants that are not on these lists.

Air pollution is not only complex but also a 
mixture of mixtures that can vary considerably 
with time and location. A single example suffices 
to demonstrate the point. Diesel engine emis-
sions constitute one of the embedded mixtures 
that receive considerable regulatory and research 
attention. There has been a tendency to treat diesel 
emissions as if they were a single material of some 
relatively constant composition. Very few health 
studies have characterized the exposure mate-
rial beyond a few physical–chemical species, and 
many have reported only the PM mass concen-
tration. Two reports described in detail the expo-
sure atmospheres that resulted from dilution 
of emissions from two different contemporary 
engines operated under different conditions and 
not equipped with emission reduction technolo-
gies. Both listed more than 100 physical–chem-
ical parameters, acknowledged falling short of 
full speciation, and demonstrated that PM was 
only a small portion of the emitted mass. In one 
case (McDonald et al., 2004a) the mass concen-
tration of volatile organic carbon species was 
approximately equal to the mass concentration 
of PM, and in the other (McDonald et al., 2004b) 
PM constituted only 1% of the total mass of meas-
ured emissions and was 5-fold less than the mass 
of volatile organic carbon species. A third report 
described the marked change in the composition 
of emissions from one of the engines that was 
equipped with a catalysed PM trap and burned a 
different fuel (McDonald et al., 2004c), demon-
strating that diesel emissions have become even 
more heterogeneous during the current period 
of phase-in of progressive emission controls. 
Impacts of the striking evolution of the compo-
sition of diesel emissions on estimates of carcino-
genic hazard from this source category were 
recently reviewed (McClellan et al., 2012). The 
diesel example illustrates challenges that inter-
national differences in source technologies and 
changes in source emissions with time present to 

summarizing carcinogenic hazards from source-
based embedded air pollution mixtures.

Déjà vu: does air pollution present a 
unique mixture dilemma?

Perhaps not. The challenges presented by 
the experimental assessment of the carcino-
genic hazards of air pollution are no different, 
for the most part, from those encountered in 
the assessment of the carcinogenic hazard of 
any physically and chemically complex mixture 
of known and potential mutagens, carcinogens, 
and promoting agents. The International Agency 
for Research on Cancer has dealt with complex 
mixtures in the past (e.g. tobacco smoke and 
diesel emissions, both of which are components 
of ambient air pollution) and is familiar with 
the difficulties involved in designing informa-
tive experiments and interpreting experimental 
evidence. The research challenges of selecting 
the material to study, the biological test system 
and response indicators, and the experimental 
design are considerable, but fundamentally no 
different for air pollution than for other complex 
mixtures of varying composition. The biological 
research tools, which range from chronic inha-
lation bioassays of whole mixtures to dosing 
cultured cells with specific chemical fractions, 
are no different for air pollution than for other 
mixtures (and are not reviewed in detail here). 
Accordingly, the interpretive challenges associ-
ated with these issues are similar for air pollu-
tion and other mixtures. This commonality, 
however, does not mean that the answers are 
straightforward; these fundamental issues have 
not been fully resolved for any mixture. The two 
main lines of evidence for the carcinogenicity 
of air pollution are conceptually similar to 
those for the carcinogenicity of other mixtures. 
Epidemiology has demonstrated associations 
between common pollutants and cancer (e.g. fine 
PM and sulfur oxides) (Pope et al., 2002), and 
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there is experimental evidence for the mutagen-
icity or carcinogenicity of individual compounds 
or components of air pollution (e.g. DeMarini, 
et al., 2000; Claxton et al., 2004). Similarly, there 
is suggestive epidemiological evidence for the 
carcinogenicity of engine emissions, and some 
individual components of emissions are proven 
carcinogens or mutagens (EPA, 2001b). These 
two lines of evidence suggest that there are two 
principal types of source material for studies of 
the carcinogenicity of air pollution and other 
mixtures: the mixture and components of the 
mixture.

There are additional issues on mixed exposure 
that are also conceptually similar for air pollu-
tion and other mixtures. The ratio of components 
could be important to the carcinogenicity of the 
mixture. A first-order index of hazard might be 
developed by adding the products of the concen-
trations and relative potencies of the known 
carcinogenic components. However, it must be 
remembered that non-carcinogenic components 
also probably influence the carcinogenicity of the 
mixture, such as by acting as promoters (Madden 
et al., 2000) or by creating mutagenic reaction 
products (Finlayson-Pitts and Pitts, 1997). The 
extent to which air pollution acts as a complete 
carcinogen undoubtedly depends on this factor. 
Moreover, issues on mixed exposure range 
beyond simply evaluating exposures to mixtures 
(reviewed in NIOSH, 2004). For example, the 
combination of exposure to ambient air pollut-
ants and other factors (e.g. indoor air pollu-
tion, occupational carcinogens, and diet) could 
influence the relationship between ambient air 
pollution and cancer. It is also possible that the 
sequence of exposures to different pollutants, or 
to air pollution and other factors, may influence 
the risk of cancer.

Air pollution presents one dilemma that, 
while not strictly unique, is especially impor-
tant in this case. Assuming that by air pollution 
we mean the complete mixture of ambient air 
contaminants, it must be recognized that there 

are very few complete physical–chemical char-
acterizations of air pollution in any location, 
and certainly not in many locations or at many 
times. It can be assumed with confidence that 
cancer hazard is not limited to the species that 
are measured routinely. In contrast to at least 
limited detailed characterizations of embedded 
mixtures such as diesel emissions (cited above) 
and tobacco smoke (e.g. Guerin, 1987; Guerin 
et al., 1987; IARC, 2004), there are few, if any, 
exhaustive characterizations of ambient air. 
There have been a few detailed characterizations 
of air pollution in the conduct of individual 
studies (e.g. Klemm et al., 2004) and in moni-
toring programmes designed for that purpose 
(e.g. the United States Environmental Protection 
Agency PM Supersites Program, www.epa.gov/
ttn/amtic/-supersites.html), but the scope of 
such data is small. This gap impairs the ability 
to select representative ambient sites and times 
to use for real-time exposures, to model air 
pollution mixtures in the laboratory, and to 
place the composition of air pollution mixtures 
into context regarding the composition of the 
mixtures for which we have the greatest body of 
experimental data.

Pathways and pitfalls: what can 
we learn from prior use of 
experimental tools to assess 
carcinogenic hazards of complex 
mixtures?

It should be instructive to consider the expe-
rience gathered to date with using experimental 
data to evaluate the carcinogenicity of complex 
mixtures. A complete review is not attempted 
here, but two cases – cigarette smoke and diesel 
emissions – are offered as illustrative examples. 
These examples are examined by considering the 
different approaches (exposure and biological 
response models) that have been used and their 
outcomes. There is little reason a priori to expect 

http://www.epa.gov/ttn/amtic/-supersites.html
http://www.epa.gov/ttn/amtic/-supersites.html
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better or worse success in using these approaches 
for air pollution.

There is epidemiological evidence for the 
carcinogenicity of both cigarette smoke and 
diesel emissions, but with very different degrees 
of certainty. Clearly a strong epidemiological 
link exists between cancer and tobacco smoke 
(reviewed in IARC, 2004), and although there 
is also a large body of experimental data that 
confirm the mutagenicity and carcinogenicity of 
tobacco smoke components, experimental data 
are not needed to confirm the cancer hazard 
or to assist in estimating risk. However, exper-
imental data continue to be sought from cellular 
and animal models to understand carcinogenic 
mechanisms, to improve early detection and 
chemoprevention, and to develop safer smoking 
alternatives. In contrast, the epidemiological 
evidence for the cancer risk in humans from 
diesel emissions remains suggestive but uncer-
tain. This is in large part due to the lack of expo-
sure data (reviewed in IARC, 1989; EPA, 2001b; 
Bunn et al., 2002). As for tobacco smoke, there is 
a large body of data that demonstrate the muta-
genicity and carcinogenicity of components of 
historic diesel emissions, primarily soot-borne 
organic compounds. Experimental data were 
initially sought to confirm a cancer hazard and, 
considering the uncertainty of the epidemiolog-
ical database, to assist in estimating the risk of 
cancer in humans (CalEPA, 1988). Experimental 
data continue to be sought to understand carcino-
genic mechanisms and to compare the hazards of 
different emissions.

Chronic inhalation bioassays of cancer using 
conventional strains of rodents

For both cigarette smoke and diesel emis-
sions, there is a long history of attempts to 
define carcinogenic hazard by chronic inhala-
tion bioassays. The outcomes and interpretive 
challenges, however, have differed markedly 
between the two mixtures. Until recently, the 

many attempts to produce statistically signifi-
cant increases in the incidence of lung tumours 
in rodents exposed chronically to tobacco 
smoke failed (reviewed in Mauderly et al., 2004). 
Probable reasons include the failure of intermit-
tent, nose-only, puff-by-puff exposures to achieve 
lung doses that model those incurred by human 
heavy smokers and the statistical weakness of 
small treatment groups. Using larger treatment 
groups and a conventional whole-body exposure 
approach that was estimated to model lung doses 
received by smokers of more than three packs per 
day produced significant increases in the inci-
dence of lung tumours in both Fischer 344 rats 
(Mauderly et al., 2004) and B6C3F1 mice (Hutt 
et al., 2005). Moreover, the studies demonstrated 
genetic changes in lung tumour cells of rodents 
that mirror those of cancers in human smokers. 
Thus, conventional (i.e. not selected for genetic 
susceptibility) strains of rats and mice can model 
the human carcinogenicity of cigarette smoke.

In contrast, the first wave of studies on 
diesel emissions demonstrated conclusively by 
the mid-1980s that chronic whole-body inha-
lation exposures of conventional strains of rats 
(Fischer 344 and Wistar) to extreme concen-
trations (2.2–7.0 mg/m3 PM) of fresh emissions 
produced significant dose-related increases in 
the incidence of lung tumours and accompa-
nying DNA adducts (reviewed in Mauderly, 
1999). Identical exposures of Syrian hamsters or 
standard strains of mice were not carcinogenic. 
However, a second wave of studies demonstrated 
that the response in rats was not related to organic 
mutagens; clean carbon black, and even titanium 
dioxide, caused the same response (including 
the adducts) with the same exposure–response 
slope (Heinrich et al., 1995; Nikula et al., 1995). 
Moreover, the lung tissue responses to heavy 
exposures to poorly soluble PM were found to 
differ between rats and primates (Nikula et al., 
1997). This experience led to awareness of the 
rat-specific particle lung overload phenom-
enon (Mauderly and McCunney, 1996) and an 
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improved understanding of the utility of the 
rat for evaluating cancer hazard from PM and 
mixtures that contain PM (Mauderly, 1997). 
Finally, analysis of the results of multiple studies 
revealed a threshold for significant increases in 
the incidence of lung tumours in rats that was 
much higher than environmental exposures 
to diesel emissions (Mauderly, 1999; Valberg 
and Crouch, 1999). Recent technology on-road 
emissions contain very little PM, often in lower 
concentration than in ambient air (McClellan 
et al., 2012). These findings do not prove that 
there is no risk of cancer to humans from envi-
ronmental exposures to diesel emissions; rather, 
they demonstrate some of the potential complex-
ities and important precautions for high-dose 
studies of poorly soluble PM.

The experiences with chronic inhalation 
bioassays of cancer of tobacco smoke and diesel 
emissions provide lessons that are relevant to the 
use of such approaches for complex mixtures of 
air pollutants. The approach may be more sensi-
tive for some physical–chemical species than for 
others, but this is not readily predicted in advance. 
The general approach remains a standard for 
assessing lung cancer hazard, assuming that 
suitable exposure atmospheres can be identified, 
but careful attention must be given to the exper-
imental design. Advantage is gained by using 
multiple species, multiple exposure concentra-
tions, sufficient group sizes, and measures of 
genetic alterations, and by avoiding unrealistic 
exposure concentrations. The selection of expo-
sure concentrations has been reviewed, and guid-
ance is available (Lewis et al., 1989; Haseman and 
Lockhart, 1994).

Subchronic inhalation assays using 
genetically susceptible rodents

It would be desirable to have a sensitive 
bioassay that induced lung tumours but did not 
require near-lifetime exposures or large numbers 
of animals. Lung adenoma-prone mice have been 

used in attempts to develop such an assay, in 
which the increase in incidence and multiplicity 
of lung adenomas (nearly all benign) is examined 
in mice exposed subchronically (typically for 
3–6 months) and then held for a few months after 
exposure. This assay is responsive to chemical 
mutagens and carcinogens (Stoner and Shimkin, 
1982) and thus might be considered for use with 
atmospheres of complex air pollution.

This tumorigenicity assay has been used as 
an index of the cancer hazard of both cigarette 
smoke and diesel emissions. The experience with 
cigarette smoke has been variable. Increased inci-
dences of adenomas have been produced in A/J, 
Balb/c, and SWR mice by simulated environ-
mental cigarette smoke (D’Agostini et al., 2001; 
Witschi et al., 2002), but attempts using simulated 
mainstream smoke did not produce increases 
(Finch et al., 1996; D’Agostini et al., 2001). In 
a later study (Reed et al., 2004), A/J mice were 
exposed for 6 hours per day on 7 days per week 
for 6 months to old technology diesel emissions 
at multiple concentrations up to 1000 mg/m3 PM 
and held for 6 months without exposure before 
lung adenomas were assessed. This protocol 
produced no dose-related increase in the inci-
dence of adenomas, although the PM extracts 
had characteristic direct-acting mutagenicity in 
the Salmonella reverse mutation assay. Even if 
the results from this assay were consistent, there 
would be considerable uncertainty in extrapo-
lating from tumorigenicity in genetically suscep-
tible mice to human lung cancer hazard. However, 
the variable results with cigarette smoke and lack 
of response to high concentrations of old tech-
nology diesel emissions do not provide encour-
agement for using this approach to evaluate the 
carcinogenic hazard of air pollution.

Non-inhalation in vivo and in vitro assays

An alternative to direct experimental evalu-
ation of the carcinogenicity of air pollution as a 
complete mixture is to evaluate the carcinogenic 
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hazard of individual components of the mixture 
and thereby infer the cancer hazard of the 
mixture. A wide array of test systems is available 
to evaluate the mutagenicity, adduct-forming 
potential, clastogenicity, and carcinogenicity of 
components of air pollution and other complex 
mixtures. Examples are mutations in bacteria, 
mammalian cells, and intact animals, indices 
of chromosomal injury (e.g. sister chromatid 
exchange or micronuclei), indices of DNA injury 
(e.g. methylation or adduct formation), and 
tumour formation after instillation, injection, 
or implantation with extracted materials. No 
attempt is made to review these approaches in 
detail here as they all present the same set of 
fundamental advantages and disadvantages. 
Most of the common assays have been applied to 
components of both cigarette smoke (e.g. conden-
sate) and diesel emissions (e.g. PM extract). For 
both mixtures, numerous assays have clearly 
demonstrated the presence of mutagenic, clasto-
genic, and carcinogenic components.

It has long since been demonstrated that 
components of air pollution are genotoxic. As 
an example, Seagrave et al. (2006) demonstrated 
marked differences in bacterial mutagenicity 
among ambient fine PM samples collected at 
different locations in the south-eastern USA. 
From such data, the plausibility of a cancer hazard 
from air pollution is already well established. 
Indeed, if demonstration of the plausibility of 
hazard without regard for dose or demonstration 
of carcinogenicity is sufficient, then little further 
work need be done.

There are several difficulties in using these 
approaches to estimate the actual human 
carcinogenic hazard presented by mixtures of air 
pollution. First, the relation between responses 
of these assays and cancer hazard for humans 
remains a perennial question, and the degree of 
confidence varies among the assays. Second, it is 
typically difficult to establish a relation between 
the cellular doses achieved in these assays and 
those incurred during real-world exposures of 

humans. Understanding the exposure–dose–
response relationship is the key to extrapolating 
from hazard to human cancer risk. Third, the 
ability to extrapolate from the activity of indi-
vidual components to the activity of the mixture 
is poor, even if we could assess the genotoxicity 
or carcinogenicity of each component of the 
mixture. The prevalent default assumption for 
estimating the cancer risk from mixtures is to 
assume that the cancer risks from individual 
components are additive (e.g. EPA, 1986, 1993). 
However, not only is it uncertain whether the 
activities of all genotoxic components are truly 
additive, it is also uncertain how the promoting 
activities of the many cytotoxic and inflamma-
tory components of the air pollution mixture 
might influence the carcinogenicity of that 
mixture.

Identifying the culprit: what 
experimental designs can 
be used to disentangle the 
contributions of mixture 
components?

Assuming that a few typical air pollution 
mixtures could be defined and either located in 
the environment or reproduced for experimental 
study, the above approaches could be used to 
estimate the hazard of the mixtures. Reducing 
risk, however, requires knowledge of the compo-
nents and sources that contribute most strongly 
to the hazard of the mixture. The fundamental 
approaches to evaluating the contributions of 
components to the effects of mixtures have 
been reviewed (Mauderly, 1993, 2004) and are 
summarized here. There are two fundamental 
approaches: study mixtures (top-down) and 
study components (bottom-up).
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Top-down: the brute force approach

Clearly experiments cannot be conducted with 
every possible mixture of air pollutants; indeed, 
the number or nature of all air contaminants is 
not known. Studying realistically complex pollu-
tion mixtures requires selecting locations and 
times in the actual environment or simulating 
selected combinations of air contaminants in 
the laboratory. A study in the actual environ-
ment involves the challenges of the inability to 
predict detailed composition in advance, to hold 
composition constant for repeated exposures, 
or to concentrate all components identically to 
achieve (along with dilution) multiple exposure 
concentrations that exceed the highest ambient 
levels. Laboratory simulation necessarily falls 
short of the full spectrum of air contaminants 
and typically excludes many atmospheric reac-
tion products. However, complex mixtures of key 
pollutants, such as representative combustion 
source emissions, can be (and have been) gener-
ated and studied experimentally.

There are two general top-down pathways for 
determining the causal components of complex 
mixtures. The most common is the physical–
chemical dissection, or the bio-effect directed 
fractionation approach, in which the mixture is 
divided progressively and the fractions are tested 
until the most active ones are identified. A good 
example was the bio-effect directed fractionation 
of organic extracts of diesel PM to determine that 
certain nitro-aromatic compounds primarily 
drive the bacterial mutagenic activity (e.g. 
Schuetzle and Lewtas, 1986). This approach can 
potentially be used with any reproducible biolog-
ical assay and is technically limited only by the 
ability to separate the different physical–chemical 
fractions of the mixture and satisfactorily expose 
the biological system. The study of concentrated 
ambient PM is a variant of this approach. With 
current methods, only the PM is concentrated, 
which prevents a study of the complete mixture 
in its original ratio of components.

An alternative approach is to conduct iden-
tical evaluations of different mixtures and use 
multivariate statistical analysis to determine the 
components that co-vary most closely with the 
target biological response. This mathematical 
dissection strategy is amenable to any database 
that encompasses mixtures that have sufficient 
differences in both composition and toxicity. 
For example, combined principal component 
analysis and partial least-squares regression 
were applied to a database on the bacterial muta-
genicity and lung toxicity of several combined 
PM and semivolatile organic compounds from 
gasoline and diesel emissions (McDonald et al., 
2004c). This study demonstrated that certain, but 
not total, nitro-aromatic compounds co-varied 
most closely with mutagenicity (which was 
previously known and served to validate the 
approach) and that engine oil tracers co-varied 
most closely with inflammation of the lung 
(which was not previously known). In addi-
tion, multivariate analysis of PM components 
was used to determine that silica (assumed to 
arise from street dust) co-varied most closely 
with electrocardiographic changes in dogs 
exposed to concentrated PM (Wellenius et al., 
2003). On a somewhat larger scale, the National 
Environmental Respiratory Center programme 
(http://www.nercenter.org) (McDonald et al., 
2004b; Reed et al., 2004) followed this strategy 
by building a detailed database on the compo-
sition of several complex source emissions (e.g. 
diesel and gasoline emissions, wood smoke, 
road dust, and coal emissions) and a range of 
respiratory and cardiovascular responses. The 
identification of key components as the putative 
causes of pro-atherosclerotic vascular responses 
in mice (Seilkop et al., 2012) suggests that this 
general strategy may have utility for identifying 
key carcinogens in highly complex air pollution 
mixtures.

http://www.nercenter.org
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Bottom-up: paralysis by permutation

Interactions between mixture components 
to cause biological effects can also be explored 
using a factorial approach (i.e. effects of A, effects 
of B, effects of A + B). For example, this approach 
was used by Anderson et al. (1992) to examine 
the relative contributions of aerosolized carbon 
and sulfuric acid to the effects of the combined 
materials on the respiratory function of asth-
matics. It was also used by Kleinman et al. (2000) 
to examine interactions between ozone, carbon 
black, and ammonium bisulfate that cause 
changes in lung inflammation, cell division, 
and collagen in rats, and this approach requires 
confidence that the key components have been 
identified. More importantly, although this 
approach is very useful for testing hypotheses 
about interactions between a few components, 
the number of permutations of combinations of 
exposure becomes overwhelmingly large beyond 
three components. 

Choosing the right stuff: how do we 
select the exposure atmosphere?

Assuming that a suitable biological system and 
experimental design can be identified, selecting 
the exposure atmosphere is a critical issue. It is 
important to recognize that there is no correct air 
pollution mixture. The three basic choices are to 
(i) use actual ambient air at some location and 
over some time period and accept the inherent 
variations in composition and concentration; 
(ii) generate in the laboratory a simpler, but still 
complex, mixture of pollutants in some average 
ratio; or (iii) generate in the laboratory complex 
source emissions that are important components 
(embedded mixtures) of ambient pollution. The 
second and third approaches are commonly 
used, and examples are given above.

Only a few experimental exposures to 
ambient air have used the natural ratio of 
components. For example, Moss et al. (2001) 

exposed rats directly to air in Mexico City for 
up to 49 days and evaluated respiratory tissues; 
no histopathology was found compared with rats 
exposed to clean air. More relevant to carcino-
genicity, Soares et al. (2003) exposed mice for 
120 days to air in Sao Paulo, Brazil, and found 
greater frequencies of micronuclei in circulating 
blood in those mice than in mice exposed in a 
location with less pollution. Somers et al. (2004) 
exposed mice to ambient air with and without 
filtration and found that the PM fraction was 
chiefly responsible for the induction of heritable 
mutations. Although this approach is inherently 
challenging, these studies demonstrate that it is 
possible to expose animals directly to ambient 
air pollution, and the study of Somers et al. 
provides direct evidence of a clastogenic effect of 
air pollution. Exposures to ambient air cannot be 
controlled beyond selecting location, time, and 
dilution. Relating effects to the composition of 
the mixture is dependent on the level of char-
acterization of the exposure, including both the 
number of analytes and the frequency of analysis.

Conclusions: what to do now?

There is no straightforward answer to the 
dilemmas faced in the experimental assessment 
of the carcinogenicity of air pollution. There is 
no single correct experimental approach, and 
the exposure material is extremely complex and 
variable. Certainly, experimental results have 
provided and will provide a basis for the plau-
sibility of a risk of cancer by demonstrating 
both cancer hazards from individual pollutants 
and evidence of genotoxicity from exposures 
to ambient air. The former presents no great 
advance because it has been known for some 
time that many individual pollutants are muta-
genic or carcinogenic, and most major contrib-
uting sources can probably be identified. That 
line of investigation could be pursued to identify 
the principal genotoxic components of ambient 
pollution, the relative hazards presented by 
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different pollution sources, and genotoxic inter-
actions among pollutants. The results will not 
confirm or define actual cancer risk, but they 
will be useful, together with human exposure 
assessment and cancer epidemiology, in the 
overall assessment of risk and identification of 
its sources.

Chronic inhalation bioassays of ambient air 
can be conducted, but one has to be sceptical 
about their likely productivity because of their 
uncontrolled nature and the inability to exceed 
ambient exposure concentrations. It would be 
very challenging to conduct near-lifetime inha-
lation exposures of large numbers of animals to 
ambient air, but it is not impossible and may be 
valuable. Based on negative results from heavy 
exposures to source emissions that contain known 
mutagens and carcinogens (e.g. old technology 
diesel emissions at concentrations <  2  mg/m3 
PM), it is reasonable to assume this would be 
insufficient to cause increases in the incidence of 
lung tumours in standard strains of animals. The 
present high level of uncertainty in interpreting 
tumorigenicity results from genetically suscep-
tible animals prevents giving substantial weight 
to results from their exposure to ambient air.

Overall, it must be decided whether there is 
value in the experimental demonstration of lung 
cancer in animals from chronic exposure to 
actual air pollution. If so, alternatives to designing 
a study of ambient air can then be explored, 
despite the challenges and limitations. If not, 
then there may not be a great need for further 
experimental work related solely to air pollution. 
It is known that components of air pollution are 
genotoxic and some are carcinogenic. The chal-
lenge therein, of course, is to determine whether 
to accept that evidence in view of the typically 
much lower long-term doses received from actual 
exposures to air pollution.
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