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NOTE TO THE READER

The term ‘carcinogenic risk’ in the IARC Monographs series is taken to mean that an agent is 
capable of causing cancer. The Monographs evaluate cancer hazards, despite the historical presence 
of the word ‘risks’ in the title.

Inclusion of an agent in the Monographs does not imply that it is a carcinogen, only that the 
published data have been examined. Equally, the fact that an agent has not yet been evaluated in a 
Monograph does not mean that it is not carcinogenic. Similarly, identification of cancer sites with 
sufficient evidence or limited evidence in humans should not be viewed as precluding the possibility 
that an agent may cause cancer at other sites.

The evaluations of carcinogenic risk are made by international working groups of independent 
scientists and are qualitative in nature. No recommendation is given for regulation or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic risk 
of an agent to humans is encouraged to make this information available to the Section of IARC 
Monographs, International Agency for Research on Cancer, 150 cours Albert Thomas, 69372 Lyon 
Cedex 08, France, in order that the agent may be considered for re-evaluation by a future Working 
Group.

Although every effort is made to prepare the Monographs as accurately as possible, mistakes may 
occur. Readers are requested to communicate any errors to the Section of IARC Monographs, so that 
corrections can be reported in future volumes.
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A. GENERAL PRINCIPLES AND 
PROCEDURES

1. Background

Soon after IARC was established in 1965, 
it received frequent requests for advice on 
the carcinogenic risk of chemicals, including 
requests for lists of known and suspected human 
carcinogens. It was clear that it would not be 
a simple task to summarize adequately the 
complexity of the information that was avail-
able, and IARC began to consider means of 
obtaining international expert opinion on this 
topic. In 1970, the IARC Advisory Committee on 
Environmental Carcinogenesis recommended ‘...
that a compendium on carcinogenic chemicals 
be prepared by experts. The biological activity 
and evaluation of practical importance to public 
health should be referenced and documented.’ 
The IARC Governing Council adopted a resolu-
tion concerning the role of IARC in providing 
government authorities with expert, inde-
pendent, scientific opinion on environmental 
carcinogenesis. As one means to that end, the 
Governing Council recommended that IARC 
should prepare monographs on the evaluation 

of carcinogenic risk of chemicals to man, which 
became the initial title of the series.

In the succeeding years, the scope of the 
programme broadened as Monographs were 
developed for groups of related chemicals, 
complex mixtures, occupational exposures, phys-
ical and biological agents and lifestyle factors. In 
1988, the phrase ‘of chemicals’ was dropped from 
the title, which assumed its present form, IARC 
Monographs on the Evaluation of Carcinogenic 
Risks to Humans.

Through the Monographs programme, IARC 
seeks to identify the causes of human cancer. This 
is the first step in cancer prevention, which is 
needed as much today as when IARC was estab-
lished. The global burden of cancer is high and 
continues to increase: the annual number of new 
cases was estimated at 10.1 million in 2000 and 
is expected to reach 15 million by 2020 (Stewart 
& Kleihues, 2003). With current trends in demo-
graphics and exposure, the cancer burden has 
been shifting from high-resource countries to 
low- and medium-resource countries. As a result 
of Monographs evaluations, national health agen-
cies have been able, on scientific grounds, to take 
measures to reduce human exposure to carcino-
gens in the workplace and in the environment.

PREAMBLE
The Preamble to the IARC Monographs describes the objective and scope of the programme, 
the scientific principles and procedures used in developing a Monograph, the types of 
evidence considered and the scientific criteria that guide the evaluations. The Preamble 
should be consulted when reading a Monograph or list of evaluations.
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The criteria established in 1971 to evaluate 
carcinogenic risks to humans were adopted by the 
Working Groups whose deliberations resulted in 
the first 16 volumes of the Monographs series. 
Those criteria were subsequently updated by 
further ad hoc Advisory Groups (IARC, 1977, 
1978, 1979, 1982, 1983, 1987, 1988, 1991; Vainio 
et al., 1992; IARC, 2005, 2006).

The Preamble is primarily a statement of 
scientific principles, rather than a specification 
of working procedures. The procedures through 
which a Working Group implements these prin-
ciples are not specified in detail. They usually 
involve operations that have been established 
as being effective during previous Monograph 
meetings but remain, predominantly, the prerog-
ative of each individual Working Group.

2. Objective and scope

The objective of the programme is to 
prepare, with the help of international Working 
Groups of experts, and to publish in the form of 
Monographs, critical reviews and evaluations of 
evidence on the carcinogenicity of a wide range 
of human exposures. The Monographs represent 
the first step in carcinogen risk assessment, which 
involves examination of all relevant information 
to assess the strength of the available evidence 
that an agent could alter the age-specific inci-
dence of cancer in humans. The Monographs may 
also indicate where additional research efforts 
are needed, specifically when data immediately 
relevant to an evaluation are not available.

In this Preamble, the term ‘agent’ refers to 
any entity or circumstance that is subject to 
evaluation in a Monograph. As the scope of the 
programme has broadened, categories of agents 
now include specific chemicals, groups of related 
chemicals, complex mixtures, occupational or 
environmental exposures, cultural or behav-
ioural practices, biological organisms and phys-
ical agents. This list of categories may expand 

as causation of, and susceptibility to, malignant 
disease become more fully understood.

A cancer ‘hazard’ is an agent that is capable 
of causing cancer under some circumstances, 
while a cancer ‘risk’ is an estimate of the carcino-
genic effects expected from exposure to a cancer 
hazard. The Monographs are an exercise in evalu-
ating cancer hazards, despite the historical pres-
ence of the word ‘risks’ in the title. The distinction 
between hazard and risk is important, and the 
Monographs identify cancer hazards even when 
risks are very low at current exposure levels, 
because new uses or unforeseen exposures could 
engender risks that are significantly higher.

In the Monographs, an agent is termed 
‘carcinogenic’ if it is capable of increasing the 
incidence of malignant neoplasms, reducing 
their latency, or increasing their severity or 
multiplicity. The induction of benign neoplasms 
may in some circumstances (see Part B, Section 
3a) contribute to the judgement that the agent is 
carcinogenic. The terms ‘neoplasm’ and ‘tumour’ 
are used interchangeably.

The Preamble continues the previous usage 
of the phrase ‘strength of evidence’ as a matter of 
historical continuity, although it should be under-
stood that Monographs evaluations consider 
studies that support a finding of a cancer hazard 
as well as studies that do not.

Some epidemiological and experimental 
studies indicate that different agents may act at 
different stages in the carcinogenic process, and 
several different mechanisms may be involved. 
The aim of the Monographs has been, from their 
inception, to evaluate evidence of carcinogenicity 
at any stage in the carcinogenesis process, 
independently of the underlying mechanisms. 
Information on mechanisms may, however, be 
used in making the overall evaluation (IARC, 
1991; Vainio et al., 1992; IARC, 2005, 2006; see 
also Part B, Sections 4 and 6). As mechanisms 
of carcinogenesis are elucidated, IARC convenes 
international scientific conferences to determine 
whether a broad-based consensus has emerged 
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on how specific mechanistic data can be used 
in an evaluation of human carcinogenicity. The 
results of such conferences are reported in IARC 
Scientific Publications, which, as long as they still 
reflect the current state of scientific knowledge, 
may guide subsequent Working Groups.

Although the Monographs have emphasized 
hazard identification, important issues may also 
involve dose–response assessment. In many 
cases, the same epidemiological and experi-
mental studies used to evaluate a cancer hazard 
can also be used to estimate a dose–response 
relationship. A Monograph may undertake to 
estimate dose–response relationships within 
the range of the available epidemiological data, 
or it may compare the dose–response informa-
tion from experimental and epidemiological 
studies. In some cases, a subsequent publication 
may be prepared by a separate Working Group 
with expertise in quantitative dose–response 
assessment.

The Monographs are used by national and 
international authorities to make risk assess-
ments, formulate decisions concerning preven-
tive measures, provide effective cancer control 
programmes and decide among alternative 
options for public health decisions. The evalu-
ations of IARC Working Groups are scientific, 
qualitative judgements on the evidence for or 
against carcinogenicity provided by the available 
data. These evaluations represent only one part of 
the body of information on which public health 
decisions may be based. Public health options 
vary from one situation to another and from 
country to country and relate to many factors, 
including different socioeconomic and national 
priorities. Therefore, no recommendation is given 
with regard to regulation or legislation, which 
are the responsibility of individual governments 
or other international organizations.

3. Selection of agents for review

Agents are selected for review on the basis 
of two main criteria: (a) there is evidence of 
human exposure and (b) there is some evidence 
or suspicion of carcinogenicity. Mixed exposures 
may occur in occupational and environmental 
settings and as a result of individual and cultural 
habits (such as tobacco smoking and dietary 
practices). Chemical analogues and compounds 
with biological or physical characteristics similar 
to those of suspected carcinogens may also be 
considered, even in the absence of data on a 
possible carcinogenic effect in humans or exper-
imental animals.

The scientific literature is surveyed for 
published data relevant to an assessment of 
carcinogenicity. Ad hoc Advisory Groups 
convened by IARC in 1984, 1989, 1991, 1993, 1998 
and 2003 made recommendations as to which 
agents should be evaluated in the Monographs 
series. Recent recommendations are available 
on the Monographs programme web site  (http://
monographs.iarc.fr). IARC may schedule other 
agents for review as it becomes aware of new 
scientific information or as national health agen-
cies identify an urgent public health need related 
to cancer.

As significant new data become available on 
an agent for which a Monograph exists, a re-eval-
uation may be made at a subsequent meeting, and 
a new Monograph published. In some cases it may 
be appropriate to review only the data published 
since a prior evaluation. This can be useful for 
updating a database, reviewing new data to 
resolve a previously open question or identifying 
new tumour sites associated with a carcinogenic 
agent. Major changes in an evaluation (e.g. a new 
classification in Group 1 or a determination that a 
mechanism does not operate in humans, see Part 
B, Section 6) are more appropriately addressed 
by a full review.

http://monographs.iarc.fr
http://monographs.iarc.fr
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4. Data for the Monographs

Each Monograph reviews all pertinent epide-
miological studies and cancer bioassays in exper-
imental animals. Those judged inadequate or 
irrelevant to the evaluation may be cited but not 
summarized. If a group of similar studies is not 
reviewed, the reasons are indicated.

Mechanistic and other relevant data are also 
reviewed. A Monograph does not necessarily 
cite all the mechanistic literature concerning 
the agent being evaluated (see Part B, Section 
4). Only those data considered by the Working 
Group to be relevant to making the evaluation 
are included.

With regard to epidemiological studies, 
cancer bioassays, and mechanistic and other rele-
vant data, only reports that have been published 
or accepted for publication in the openly available 
scientific literature are reviewed. The same publi-
cation requirement applies to studies originating 
from IARC, including meta-analyses or pooled 
analyses commissioned by IARC in advance of 
a meeting (see Part B, Section 2c). Data from 
government agency reports that are publicly 
available are also considered. Exceptionally, 
doctoral theses and other material that are in 
their final form and publicly available may be 
reviewed.

Exposure data and other information on an 
agent under consideration are also reviewed. In 
the sections on chemical and physical proper-
ties, on analysis, on production and use and on 
occurrence, published and unpublished sources 
of information may be considered.

Inclusion of a study does not imply accept-
ance of the adequacy of the study design or of 
the analysis and interpretation of the results, and 
limitations are clearly outlined in square brackets 
at the end of each study description (see Part B). 
The reasons for not giving further consideration 
to an individual study also are indicated in the 
square brackets.

5. Meeting participants

Five categories of participant can be present 
at Monograph meetings.

(a) The Working Group

The Working Group is responsible for the 
critical reviews and evaluations that are devel-
oped during the meeting. The tasks of Working 
Group Members are: (i) to ascertain that all 
appropriate data have been collected; (ii) to 
select the data relevant for the evaluation on the 
basis of scientific merit; (iii) to prepare accurate 
summaries of the data to enable the reader to 
follow the reasoning of the Working Group; (iv) 
to evaluate the results of epidemiological and 
experimental studies on cancer; (v) to evaluate 
data relevant to the understanding of mecha-
nisms of carcinogenesis; and (vi) to make an 
overall evaluation of the carcinogenicity of the 
exposure to humans. Working Group Members 
generally have published significant research 
related to the carcinogenicity of the agents being 
reviewed, and IARC uses literature searches to 
identify most experts. Working Group Members 
are selected on the basis of (a) knowledge and 
experience and (b) absence of real or apparent 
conflicts of interests. Consideration is also given 
to demographic diversity and balance of scien-
tific findings and views.

(b) Invited Specialists

Invited Specialists are experts who also have 
critical knowledge and experience but have 
a real or apparent conflict of interests. These 
experts are invited when necessary to assist in 
the Working Group by contributing their unique 
knowledge and experience during subgroup and 
plenary discussions. They may also contribute 
text on non-influential issues in the section on 
exposure, such as a general description of data 
on production and use (see Part B, Section 1). 
Invited Specialists do not serve as meeting chair 
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or subgroup chair, draft text that pertains to the 
description or interpretation of cancer data, or 
participate in the evaluations.

(c) Representatives of national and 
international health agencies

Representatives of national and interna-
tional health agencies often attend meetings 
because their agencies sponsor the programme 
or are interested in the subject of a meeting. 
Representatives do not serve as meeting chair or 
subgroup chair, draft any part of a Monograph, 
or participate in the evaluations.

(d) Observers with relevant scientific 
credentials

Observers with relevant scientific credentials 
may be admitted to a meeting by IARC in limited 
numbers. Attention will be given to achieving a 
balance of Observers from constituencies with 
differing perspectives. They are invited to observe 
the meeting and should not attempt to influence 
it. Observers do not serve as meeting chair or 
subgroup chair, draft any part of a Monograph, 
or participate in the evaluations. At the meeting, 
the meeting chair and subgroup chairs may grant 
Observers an opportunity to speak, generally 
after they have observed a discussion. Observers 
agree to respect the Guidelines for Observers at 
IARC Monographs meetings (available at  http://
monographs.iarc.fr).

(e) The IARC Secretariat

The IARC Secretariat consists of scientists 
who are designated by IARC and who have rele-
vant expertise. They serve as rapporteurs and 
participate in all discussions. When requested by 
the meeting chair or subgroup chair, they may 
also draft text or prepare tables and analyses.

Before an invitation is extended, each poten-
tial participant, including the IARC Secretariat, 
completes the WHO Declaration of Interests 

to report financial interests, employment and 
consulting, and individual and institutional 
research support related to the subject of the 
meeting. IARC assesses these interests to deter-
mine whether there is a conflict that warrants 
some limitation on participation. The declarations 
are updated and reviewed again at the opening 
of the meeting. Interests related to the subject of 
the meeting are disclosed to the meeting partic-
ipants and in the published volume (Cogliano 
et al., 2004).

The names and principal affiliations of 
participants are available on the Monographs 
programme web site (http://monographs.iarc.fr) 
approximately two months before each meeting. 
It is not acceptable for Observers or third parties 
to contact other participants before a meeting or 
to lobby them at any time. Meeting participants 
are asked to report all such contacts to IARC 
(Cogliano et al., 2005).

All participants are listed, with their prin-
cipal affiliations, at the beginning of each volume. 
Each participant who is a Member of a Working 
Group serves as an individual scientist and not as 
a representative of any organization, government 
or industry.

6. Working procedures

A separate Working Group is responsible 
for developing each volume of Monographs. A 
volume contains one or more Monographs, which 
can cover either a single agent or several related 
agents. Approximately one year in advance of 
the meeting of a Working Group, the agents to 
be reviewed are announced on the Monographs 
programme web site (http://monographs.iarc.fr) 
and participants are selected by IARC staff in 
consultation with other experts. Subsequently, 
relevant biological and epidemiological data are 
collected by IARC from recognized sources of 
information on carcinogenesis, including data 
storage and retrieval systems such as PubMed. 
Meeting participants who are asked to prepare 

http://monographs.iarc.fr
http://monographs.iarc.fr
http://monographs.iarc.fr
http://monographs.iarc.fr
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preliminary working papers for specific sections 
are expected to supplement the IARC literature 
searches with their own searches.

Industrial associations, labour unions 
and other knowledgeable organizations may 
be asked to provide input to the sections on 
production and use, although this involvement 
is not required as a general rule. Information on 
production and trade is obtained from govern-
mental, trade and market research publications 
and, in some cases, by direct contact with indus-
tries. Separate production data on some agents 
may not be available for a variety of reasons (e.g. 
not collected or made public in all producing 
countries, production is small). Information on 
uses may be obtained from published sources 
but is often complemented by direct contact with 
manufacturers. Efforts are made to supplement 
this information with data from other national 
and international sources.

Six months before the meeting, the material 
obtained is sent to meeting participants to prepare 
preliminary working papers. The working papers 
are compiled by IARC staff and sent, before 
the meeting, to Working Group Members and 
Invited Specialists for review.

The Working Group meets at IARC for seven 
to eight days to discuss and finalize the texts and 
to formulate the evaluations. The objectives of the 
meeting are peer review and consensus. During 
the first few days, four subgroups (covering expo-
sure data, cancer in humans, cancer in experi-
mental animals, and mechanistic and other 
relevant data) review the working papers, develop 
a joint subgroup draft and write summaries. Care 
is taken to ensure that each study summary is 
written or reviewed by someone not associated 
with the study being considered. During the last 
few days, the Working Group meets in plenary 
session to review the subgroup drafts and develop 
the evaluations. As a result, the entire volume is 
the joint product of the Working Group, and 
there are no individually authored sections.

IARC Working Groups strive to achieve a 
consensus evaluation. Consensus reflects broad 
agreement among Working Group Members, but 
not necessarily unanimity. The chair may elect 
to poll Working Group Members to determine 
the diversity of scientific opinion on issues where 
consensus is not readily apparent.

After the meeting, the master copy is verified 
by consulting the original literature, edited and 
prepared for publication. The aim is to publish 
the volume within six months of the Working 
Group meeting. A summary of the outcome is 
available on the Monographs programme web 
site soon after the meeting.

B. SCIENTIFIC REVIEW AND 
EVALUATION

The available studies are summarized by the 
Working Group, with particular regard to the 
qualitative aspects discussed below. In general, 
numerical findings are indicated as they appear 
in the original report; units are converted when 
necessary for easier comparison. The Working 
Group may conduct additional analyses of the 
published data and use them in their assessment 
of the evidence; the results of such supplemen-
tary analyses are given in square brackets. When 
an important aspect of a study that directly 
impinges on its interpretation should be brought 
to the attention of the reader, a Working Group 
comment is given in square brackets.

The scope of the IARC Monographs 
programme has expanded beyond chemicals to 
include complex mixtures, occupational expo-
sures, physical and biological agents, lifestyle 
factors and other potentially carcinogenic expo-
sures. Over time, the structure of a Monograph 
has evolved to include the following sections:

Exposure data
Studies of cancer in humans
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Studies of cancer in experimental animals
Mechanistic and other relevant data
Summary
Evaluation and rationale

In addition, a section of General Remarks at 
the front of the volume discusses the reasons the 
agents were scheduled for evaluation and some 
key issues the Working Group encountered 
during the meeting.

This part of the Preamble discusses the types 
of evidence considered and summarized in each 
section of a Monograph, followed by the scientific 
criteria that guide the evaluations.

1. Exposure data

Each Monograph includes general infor-
mation on the agent: this information may 
vary substantially between agents and must be 
adapted accordingly. Also included is informa-
tion on production and use (when appropriate), 
methods of analysis and detection, occurrence, 
and sources and routes of human occupational 
and environmental exposures. Depending on the 
agent, regulations and guidelines for use may be 
presented.

(a) General information on the agent

For chemical agents, sections on chemical 
and physical data are included: the Chemical 
Abstracts Service Registry Number, the latest 
primary name and the IUPAC systematic name 
are recorded; other synonyms are given, but the 
list is not necessarily comprehensive. Information 
on chemical and physical properties that are rele-
vant to identification, occurrence and biological 
activity is included. A description of technical 
products of chemicals includes trade names, 
relevant specifications and available informa-
tion on composition and impurities. Some of the 
trade names given may be those of mixtures in 

which the agent being evaluated is only one of 
the ingredients.

For biological agents, taxonomy, structure 
and biology are described, and the degree of 
variability is indicated. Mode of replication, 
life cycle, target cells, persistence, latency, host 
response and clinical disease other than cancer 
are also presented.

For physical agents that are forms of radiation, 
energy and range of the radiation are included. 
For foreign bodies, fibres and respirable particles, 
size range and relative dimensions are indicated.

For agents such as mixtures, drugs or lifestyle 
factors, a description of the agent, including its 
composition, is given.

Whenever appropriate, other information, 
such as historical perspectives or the description 
of an industry or habit, may be included.

(b) Analysis and detection

An overview of methods of analysis and 
detection of the agent is presented, including 
their sensitivity, specificity and reproducibility. 
Methods widely used for regulatory purposes 
are emphasized. Methods for monitoring human 
exposure are also given. No critical evaluation 
or recommendation of any method is meant or 
implied.

(c) Production and use

The dates of first synthesis and of first 
commercial production of a chemical, mixture 
or other agent are provided when available; for 
agents that do not occur naturally, this informa-
tion may allow a reasonable estimate to be made 
of the date before which no human exposure 
to the agent could have occurred. The dates of 
first reported occurrence of an exposure are also 
provided when available. In addition, methods 
of synthesis used in past and present commercial 
production and different methods of production, 
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which may give rise to different impurities, are 
described.

The countries where companies report produc-
tion of the agent, and the number of companies 
in each country, are identified. Available data 
on production, international trade and uses are 
obtained for representative regions. It should not, 
however, be inferred that those areas or nations 
are necessarily the sole or major sources or users 
of the agent. Some identified uses may not be 
current or major applications, and the coverage 
is not necessarily comprehensive. In the case of 
drugs, mention of their therapeutic uses does not 
necessarily represent current practice nor does it 
imply judgement as to their therapeutic efficacy.

(d) Occurrence and exposure

Information on the occurrence of an agent in 
the environment is obtained from data derived 
from the monitoring and surveillance of levels 
in occupational environments, air, water, soil, 
plants, foods and animal and human tissues. 
When available, data on the generation, persis-
tence and bioaccumulation of the agent are 
also included. Such data may be available from 
national databases.

Data that indicate the extent of past and 
present human exposure, the sources of expo-
sure, the people most likely to be exposed and 
the factors that contribute to the exposure are 
reported. Information is presented on the range 
of human exposure, including occupational and 
environmental exposures. This includes relevant 
findings from both developed and developing 
countries. Some of these data are not distrib-
uted widely and may be available from govern-
ment reports and other sources. In the case of 
mixtures, industries, occupations or processes, 
information is given about all agents known to 
be present. For processes, industries and occupa-
tions, a historical description is also given, noting 
variations in chemical composition, physical 
properties and levels of occupational exposure 

with date and place. For biological agents, the 
epidemiology of infection is described.

(e) Regulations and guidelines

Statements concerning regulations and 
guidelines (e.g. occupational exposure limits, 
maximal levels permitted in foods and water, 
pesticide registrations) are included, but they 
may not reflect the most recent situation, since 
such limits are continuously reviewed and modi-
fied. The absence of information on regulatory 
status for a country should not be taken to imply 
that that country does not have regulations with 
regard to the exposure. For biological agents, 
legislation and control, including vaccination 
and therapy, are described.

2. Studies of cancer in humans

This section includes all pertinent epidemio-
logical studies (see Part A, Section 4). Studies of 
biomarkers are included when they are relevant 
to an evaluation of carcinogenicity to humans.

(a) Types of study considered

Several types of epidemiological study 
contribute to the assessment of carcinogenicity in 
humans — cohort studies, case–control studies, 
correlation (or ecological) studies and interven-
tion studies. Rarely, results from randomized 
trials may be available. Case reports and case 
series of cancer in humans may also be reviewed.

Cohort and case–control studies relate indi-
vidual exposures under study to the occurrence of 
cancer in individuals and provide an estimate of 
effect (such as relative risk) as the main measure 
of association. Intervention studies may provide 
strong evidence for making causal inferences, 
as exemplified by cessation of smoking and the 
subsequent decrease in risk for lung cancer.

In correlation studies, the units of inves-
tigation are usually whole populations (e.g. in 
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particular geographical areas or at particular 
times), and cancer frequency is related to a 
summary measure of the exposure of the popu-
lation to the agent under study. In correlation 
studies, individual exposure is not documented, 
which renders this kind of study more prone to 
confounding. In some circumstances, however, 
correlation studies may be more informative 
than analytical study designs (see, for example, 
the Monograph on arsenic in drinking-water; 
IARC, 2004).

In some instances, case reports and case series 
have provided important information about the 
carcinogenicity of an agent. These types of study 
generally arise from a suspicion, based on clinical 
experience, that the concurrence of two events — 
that is, a particular exposure and occurrence of 
a cancer — has happened rather more frequently 
than would be expected by chance. Case reports 
and case series usually lack complete ascertain-
ment of cases in any population, definition or 
enumeration of the population at risk and esti-
mation of the expected number of cases in the 
absence of exposure.

The uncertainties that surround the interpre-
tation of case reports, case series and correlation 
studies make them inadequate, except in rare 
instances, to form the sole basis for inferring a 
causal relationship. When taken together with 
case–control and cohort studies, however, these 
types of study may add materially to the judge-
ment that a causal relationship exists.

Epidemiological studies of benign neoplasms, 
presumed preneoplastic lesions and other 
end-points thought to be relevant to cancer are 
also reviewed. They may, in some instances, 
strengthen inferences drawn from studies of 
cancer itself.

(b) Quality of studies considered

It is necessary to take into account the 
possible roles of bias, confounding and chance 
in the interpretation of epidemiological studies. 

Bias is the effect of factors in study design or 
execution that lead erroneously to a stronger or 
weaker association than in fact exists between an 
agent and disease. Confounding is a form of bias 
that occurs when the relationship with disease 
is made to appear stronger or weaker than it 
truly is as a result of an association between the 
apparent causal factor and another factor that is 
associated with either an increase or decrease in 
the incidence of the disease. The role of chance is 
related to biological variability and the influence 
of sample size on the precision of estimates of 
effect.

In evaluating the extent to which these factors 
have been minimized in an individual study, 
consideration is given to several aspects of design 
and analysis as described in the report of the 
study. For example, when suspicion of carcino-
genicity arises largely from a single small study, 
careful consideration is given when interpreting 
subsequent studies that included these data in 
an enlarged population. Most of these consider-
ations apply equally to case–control, cohort and 
correlation studies. Lack of clarity of any of these 
aspects in the reporting of a study can decrease 
its credibility and the weight given to it in the 
final evaluation of the exposure.

First, the study population, disease (or 
diseases) and exposure should have been well 
defined by the authors. Cases of disease in the 
study population should have been identified in 
a way that was independent of the exposure of 
interest, and exposure should have been assessed 
in a way that was not related to disease status.

Second, the authors should have taken into 
account — in the study design and analysis — 
other variables that can influence the risk of 
disease and may have been related to the expo-
sure of interest. Potential confounding by such 
variables should have been dealt with either in 
the design of the study, such as by matching, 
or in the analysis, by statistical adjustment. In 
cohort studies, comparisons with local rates of 
disease may or may not be more appropriate than 
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those with national rates. Internal comparisons 
of frequency of disease among individuals at 
different levels of exposure are also desirable in 
cohort studies, since they minimize the potential 
for confounding related to the difference in risk 
factors between an external reference group and 
the study population.

Third, the authors should have reported the 
basic data on which the conclusions are founded, 
even if sophisticated statistical analyses were 
employed. At the very least, they should have 
given the numbers of exposed and unexposed 
cases and controls in a case–control study and 
the numbers of cases observed and expected in 
a cohort study. Further tabulations by time since 
exposure began and other temporal factors are 
also important. In a cohort study, data on all 
cancer sites and all causes of death should have 
been given, to reveal the possibility of reporting 
bias. In a case–control study, the effects of inves-
tigated factors other than the exposure of interest 
should have been reported.

Finally, the statistical methods used to obtain 
estimates of relative risk, absolute rates of cancer, 
confidence intervals and significance tests, and 
to adjust for confounding should have been 
clearly stated by the authors. These methods have 
been reviewed for case–control studies (Breslow 
& Day, 1980) and for cohort studies (Breslow & 
Day, 1987).

(c) Meta-analyses and pooled analyses

Independent epidemiological studies of the 
same agent may lead to results that are difficult 
to interpret. Combined analyses of data from 
multiple studies are a means of resolving this 
ambiguity, and well conducted analyses can be 
considered. There are two types of combined 
analysis. The first involves combining summary 
statistics such as relative risks from individual 
studies (meta-analysis) and the second involves 
a pooled analysis of the raw data from the 

individual studies (pooled analysis) (Greenland, 
1998).

The advantages of combined analyses are 
increased precision due to increased sample 
size and the opportunity to explore potential 
confounders, interactions and modifying effects 
that may explain heterogeneity among studies 
in more detail. A disadvantage of combined 
analyses is the possible lack of compatibility of 
data from various studies due to differences in 
subject recruitment, procedures of data collec-
tion, methods of measurement and effects of 
unmeasured co-variates that may differ among 
studies. Despite these limitations, well conducted 
combined analyses may provide a firmer basis 
than individual studies for drawing conclusions 
about the potential carcinogenicity of agents.

IARC may commission a meta-analysis or 
pooled analysis that is pertinent to a particular 
Monograph (see Part A, Section 4). Additionally, 
as a means of gaining insight from the results of 
multiple individual studies, ad hoc calculations 
that combine data from different studies may 
be conducted by the Working Group during the 
course of a Monograph meeting. The results of 
such original calculations, which would be speci-
fied in the text by presentation in square brackets, 
might involve updates of previously conducted 
analyses that incorporate the results of more 
recent studies or de-novo analyses. Irrespective 
of the source of data for the meta-analyses and 
pooled analyses, it is important that the same 
criteria for data quality be applied as those that 
would be applied to individual studies and to 
ensure also that sources of heterogeneity between 
studies be taken into account.

(d) Temporal effects

Detailed analyses of both relative and abso-
lute risks in relation to temporal variables, such 
as age at first exposure, time since first expo-
sure, duration of exposure, cumulative expo-
sure, peak exposure (when appropriate) and 
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time since cessation of exposure, are reviewed 
and summarized when available. Analyses of 
temporal relationships may be useful in making 
causal inferences. In addition, such analyses may 
suggest whether a carcinogen acts early or late in 
the process of carcinogenesis, although, at best, 
they allow only indirect inferences about mech-
anisms of carcinogenesis.

(e) Use of biomarkers in epidemiological 
studies

Biomarkers indicate molecular, cellular or 
other biological changes and are increasingly 
used in epidemiological studies for various 
purposes (IARC, 1991; Vainio et al., 1992; Toniolo 
et al., 1997; Vineis et al., 1999; Buffler et al., 2004). 
These may include evidence of exposure, of early 
effects, of cellular, tissue or organism responses, 
of individual susceptibility or host responses, 
and inference of a mechanism (see Part B, Section 
4b). This is a rapidly evolving field that encom-
passes developments in genomics, epigenomics 
and other emerging technologies.

Molecular epidemiological data that identify 
associations between genetic polymorphisms 
and interindividual differences in susceptibility 
to the agent(s) being evaluated may contribute 
to the identification of carcinogenic hazards to 
humans. If the polymorphism has been demon-
strated experimentally to modify the functional 
activity of the gene product in a manner that is 
consistent with increased susceptibility, these 
data may be useful in making causal inferences. 
Similarly, molecular epidemiological studies that 
measure cell functions, enzymes or metabolites 
that are thought to be the basis of susceptibility 
may provide evidence that reinforces biological 
plausibility. It should be noted, however, that 
when data on genetic susceptibility originate from 
multiple comparisons that arise from subgroup 
analyses, this can generate false-positive results 
and inconsistencies across studies, and such 
data therefore require careful evaluation. If the 

known phenotype of a genetic polymorphism 
can explain the carcinogenic mechanism of the 
agent being evaluated, data on this phenotype 
may be useful in making causal inferences.

(f) Criteria for causality

After the quality of individual epidemiolog-
ical studies of cancer has been summarized and 
assessed, a judgement is made concerning the 
strength of evidence that the agent in question 
is carcinogenic to humans. In making its judge-
ment, the Working Group considers several 
criteria for causality (Hill, 1965). A strong asso-
ciation  (e.g. a large relative risk) is more likely 
to indicate causality than a weak association, 
although it is recognized that estimates of effect 
of small magnitude do not imply lack of causality 
and may be important if the disease or exposure 
is common. Associations that are replicated in 
several studies of the same design or that use 
different epidemiological approaches or under 
different circumstances of exposure are more 
likely to represent a causal relationship than 
isolated observations from single studies. If there 
are inconsistent results among investigations, 
possible reasons are sought (such as differences in 
exposure), and results of studies that are judged 
to be of high quality are given more weight than 
those of studies that are judged to be methodo-
logically less sound.

If the risk increases with the exposure, this is 
considered to be a strong indication of causality, 
although the absence of a graded response is not 
necessarily evidence against a causal relation-
ship. The demonstration of a decline in risk after 
cessation of or reduction in exposure in indi-
viduals or in whole populations also supports a 
causal interpretation of the findings.

Several scenarios may increase confidence in 
a causal relationship. On the one hand, an agent 
may be specific in causing tumours at one site or 
of one morphological type. On the other, carcino-
genicity may be evident through the causation of 
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multiple tumour types. Temporality, precision 
of estimates of effect, biological plausibility and 
coherence of the overall database are considered. 
Data on biomarkers may be employed in an 
assessment of the biological plausibility of epide-
miological observations.

Although rarely available, results from rand-
omized trials that show different rates of cancer 
among exposed and unexposed individuals 
provide particularly strong evidence for causality.

When several epidemiological studies show 
little or no indication of an association between 
an exposure and cancer, a judgement may be 
made that, in the aggregate, they show evidence 
of lack of carcinogenicity. Such a judgement 
requires first that the studies meet, to a suffi-
cient degree, the standards of design and anal-
ysis described above. Specifically, the possibility 
that bias, confounding or misclassification of 
exposure or outcome could explain the observed 
results should be considered and excluded with 
reasonable certainty. In addition, all studies that 
are judged to be methodologically sound should 
(a) be consistent with an estimate of effect of 
unity for any observed level of exposure, (b) when 
considered together, provide a pooled estimate of 
relative risk that is at or near to unity, and (c) 
have a narrow confidence interval, due to suffi-
cient population size. Moreover, no individual 
study nor the pooled results of all the studies 
should show any consistent tendency that the 
relative risk of cancer increases with increasing 
level of exposure. It is important to note that 
evidence of lack of carcinogenicity obtained 
from several epidemiological studies can apply 
only to the type(s) of cancer studied, to the dose 
levels reported, and to the intervals between first 
exposure and disease onset observed in these 
studies. Experience with human cancer indicates 
that the period from first exposure to the devel-
opment of clinical cancer is sometimes longer 
than 20 years; latent periods substantially shorter 
than 30 years cannot provide evidence for lack of 
carcinogenicity.

3. Studies of cancer in 
experimental animals

All known human carcinogens that have been 
studied adequately for carcinogenicity in exper-
imental animals have produced positive results 
in one or more animal species (Wilbourn et al., 
1986; Tomatis et al., 1989). For several agents 
(e.g. aflatoxins, diethylstilbestrol, solar radiation, 
vinyl chloride), carcinogenicity in experimental 
animals was established or highly suspected 
before epidemiological studies confirmed their 
carcinogenicity in humans (Vainio et al., 1995). 
Although this association cannot establish that 
all agents that cause cancer in experimental 
animals also cause cancer in humans, it is biolog-
ically plausible that agents for which there is suffi-
cient evidence of carcinogenicity in experimental 
animals (see Part B, Section 6b) also present a 
carcinogenic hazard to humans. Accordingly, in 
the absence of additional scientific information, 
these agents are considered to pose a carcino-
genic hazard to humans. Examples of additional 
scientific information are data that demonstrate 
that a given agent causes cancer in animals 
through a species-specific mechanism that does 
not operate in humans or data that demonstrate 
that the mechanism in experimental animals 
also operates in humans (see Part B, Section 6).

Consideration is given to all available long-
term studies of cancer in experimental animals 
with the agent under review (see Part A, Section 
4). In all experimental settings, the nature and 
extent of impurities or contaminants present in 
the agent being evaluated are given when avail-
able. Animal species, strain (including genetic 
background where applicable), sex, numbers per 
group, age at start of treatment, route of expo-
sure, dose levels, duration of exposure, survival 
and information on tumours (incidence, latency, 
severity or multiplicity of neoplasms or prene-
oplastic lesions) are reported. Those studies in 
experimental animals that are judged to be irrel-
evant to the evaluation or judged to be inadequate 
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(e.g. too short a duration, too few animals, poor 
survival; see below) may be omitted. Guidelines 
for conducting long-term carcinogenicity exper-
iments have been published (e.g. OECD, 2002).

Other studies considered may include: exper-
iments in which the agent was administered in 
the presence of factors that modify carcinogenic 
effects (e.g. initiation–promotion studies, co-car-
cinogenicity studies and studies in genetically 
modified animals); studies in which the end-point 
was not cancer but a defined precancerous lesion; 
experiments on the carcinogenicity of known 
metabolites and derivatives; and studies of 
cancer in non-laboratory animals (e.g. livestock 
and companion animals) exposed to the agent.

For studies of mixtures, consideration is 
given to the possibility that changes in the 
physicochemical properties of the individual 
substances may occur during collection, storage, 
extraction, concentration and delivery. Another 
consideration is that chemical and toxicological 
interactions of components in a mixture may 
alter dose–response relationships. The relevance 
to human exposure of the test mixture adminis-
tered in the animal experiment is also assessed. 
This may involve consideration of the following 
aspects of the mixture tested: (i) physical and 
chemical characteristics, (ii) identified constitu-
ents that may indicate the presence of a class of 
substances and (iii) the results of genetic toxicity 
and related tests.

The relevance of results obtained with an 
agent that is analogous (e.g. similar in structure 
or of a similar virus genus) to that being evalu-
ated is also considered. Such results may provide 
biological and mechanistic information that is 
relevant to the understanding of the process of 
carcinogenesis in humans and may strengthen 
the biological plausibility that the agent being 
evaluated is carcinogenic to humans (see Part B, 
Section 2f).

(a) Qualitative aspects

An assessment of carcinogenicity involves 
several considerations of qualitative importance, 
including (i) the experimental conditions under 
which the test was performed, including route, 
schedule and duration of exposure, species, 
strain (including genetic background where 
applicable), sex, age and duration of follow-up; (ii) 
the consistency of the results, for example, across 
species and target organ(s); (iii) the spectrum of 
neoplastic response, from preneoplastic lesions 
and benign tumours to malignant neoplasms; 
and (iv) the possible role of modifying factors.

Considerations of importance in the inter-
pretation and evaluation of a particular study 
include: (i) how clearly the agent was defined 
and, in the case of mixtures, how adequately 
the sample characterization was reported; (ii) 
whether the dose was monitored adequately, 
particularly in inhalation experiments; (iii) 
whether the doses, duration of treatment and 
route of exposure were appropriate; (iv) whether 
the survival of treated animals was similar to 
that of controls; (v) whether there were adequate 
numbers of animals per group; (vi) whether 
both male and female animals were used; (vii) 
whether animals were allocated randomly to 
groups; (viii) whether the duration of observa-
tion was adequate; and (ix) whether the data were 
reported and analysed adequately.

When benign tumours (a) occur together 
with and originate from the same cell type as 
malignant tumours in an organ or tissue in a 
particular study and (b) appear to represent a 
stage in the progression to malignancy, they are 
usually combined in the assessment of tumour 
incidence (Huff et al., 1989). The occurrence of 
lesions presumed to be preneoplastic may in 
certain instances aid in assessing the biological 
plausibility of any neoplastic response observed. 
If an agent induces only benign neoplasms that 
appear to be end-points that do not readily 
undergo transition to malignancy, the agent 
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should nevertheless be suspected of being 
carcinogenic and requires further investigation.

(b) Quantitative aspects

The probability that tumours will occur 
may depend on the species, sex, strain, genetic 
background and age of the animal, and on the 
dose, route, timing and duration of the exposure. 
Evidence of an increased incidence of neoplasms 
with increasing levels of exposure strengthens 
the inference of a causal association between the 
exposure and the development of neoplasms.

The form of the dose–response relationship 
can vary widely, depending on the particular agent 
under study and the target organ. Mechanisms 
such as induction of DNA damage or inhibition 
of repair, altered cell division and cell death rates 
and changes in intercellular communication 
are important determinants of dose–response 
relationships for some carcinogens. Since many 
chemicals require metabolic activation before 
being converted to their reactive intermediates, 
both metabolic and toxicokinetic aspects are 
important in determining the dose–response 
pattern. Saturation of steps such as absorption, 
activation, inactivation and elimination may 
produce nonlinearity in the dose–response rela-
tionship (Hoel et al., 1983; Gart et al., 1986), 
as could saturation of processes such as DNA 
repair. The dose–response relationship can also 
be affected by differences in survival among the 
treatment groups.

(c) Statistical analyses

Factors considered include the adequacy of 
the information given for each treatment group: 
(i) number of animals studied and number exam-
ined histologically, (ii) number of animals with a 
given tumour type and (iii) length of survival. 
The statistical methods used should be clearly 
stated and should be the generally accepted tech-
niques refined for this purpose (Peto et al., 1980; 

Gart et al., 1986; Portier & Bailer, 1989; Bieler & 
Williams, 1993). The choice of the most appro-
priate statistical method requires consideration 
of whether or not there are differences in survival 
among the treatment groups; for example, 
reduced survival because of non-tumour-re-
lated mortality can preclude the occurrence of 
tumours later in life. When detailed information 
on survival is not available, comparisons of the 
proportions of tumour-bearing animals among 
the effective number of animals (alive at the time 
the first tumour was discovered) can be useful 
when significant differences in survival occur 
before tumours appear. The lethality of the 
tumour also requires consideration: for rapidly 
fatal tumours, the time of death provides an indi-
cation of the time of tumour onset and can be 
assessed using life-table methods; non-fatal or 
incidental tumours that do not affect survival can 
be assessed using methods such as the Mantel-
Haenzel test for changes in tumour prevalence. 
Because tumour lethality is often difficult to 
determine, methods such as the Poly-K test that 
do not require such information can also be used. 
When results are available on the number and 
size of tumours seen in experimental animals 
(e.g. papillomas on mouse skin, liver tumours 
observed through nuclear magnetic resonance 
tomography), other more complicated statistical 
procedures may be needed (Sherman et al., 1994; 
Dunson et al., 2003).

Formal statistical methods have been devel-
oped to incorporate historical control data into the 
analysis of data from a given experiment. These 
methods assign an appropriate weight to histor-
ical and concurrent controls on the basis of the 
extent of between-study and within-study vari-
ability: less weight is given to historical controls 
when they show a high degree of variability, and 
greater weight when they show little variability. It 
is generally not appropriate to discount a tumour 
response that is significantly increased compared 
with concurrent controls by arguing that it falls 
within the range of historical controls, particularly 
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when historical controls show high between-
study variability and are, thus, of little relevance 
to the current experiment. In analysing results 
for uncommon tumours, however, the anal-
ysis may be improved by considering historical 
control data, particularly when between-study 
variability is low. Historical controls should be 
selected to resemble the concurrent controls as 
closely as possible with respect to species, gender 
and strain, as well as other factors such as basal 
diet and general laboratory environment, which 
may affect tumour-response rates in control 
animals (Haseman et al., 1984; Fung et al., 1996; 
Greim et al., 2003).

Although meta-analyses and combined anal-
yses are conducted less frequently for animal 
experiments than for epidemiological studies 
due to differences in animal strains, they can be 
useful aids in interpreting animal data when the 
experimental protocols are sufficiently similar.

4. Mechanistic and other relevant 
data

Mechanistic and other relevant data may 
provide evidence of carcinogenicity and also 
help in assessing the relevance and importance 
of findings of cancer in animals and in humans. 
The nature of the mechanistic and other rele-
vant data depends on the biological activity of 
the agent being considered. The Working Group 
considers representative studies to give a concise 
description of the relevant data and issues that 
they consider to be important; thus, not every 
available study is cited. Relevant topics may 
include toxicokinetics, mechanisms of carcino-
genesis, susceptible individuals, populations and 
life-stages, other relevant data and other adverse 
effects. When data on biomarkers are informa-
tive about the mechanisms of carcinogenesis, 
they are included in this section.

These topics are not mutually exclusive; thus, 
the same studies may be discussed in more than 

one subsection. For example, a mutation in a 
gene that codes for an enzyme that metabolizes 
the agent under study could be discussed in the 
subsections on toxicokinetics, mechanisms and 
individual susceptibility if it also exists as an 
inherited polymorphism.

(a) Toxicokinetic data

Toxicokinetics refers to the absorption, 
distribution, metabolism and elimination of 
agents in humans, experimental animals and, 
where relevant, cellular systems. Examples of 
kinetic factors that may affect dose–response 
relationships include uptake, deposition, bioper-
sistence and half-life in tissues, protein binding, 
metabolic activation and detoxification. Studies 
that indicate the metabolic fate of the agent 
in humans and in experimental animals are 
summarized briefly, and comparisons of data 
from humans and animals are made when 
possible. Comparative information on the rela-
tionship between exposure and the dose that 
reaches the target site may be important for the 
extrapolation of hazards between species and in 
clarifying the role of in-vitro findings.

(b) Data on mechanisms of carcinogenesis

To provide focus, the Working Group 
attempts to identify the possible mechanisms by 
which the agent may increase the risk of cancer. 
For each possible mechanism, a representative 
selection of key data from humans and experi-
mental systems is summarized. Attention is given 
to gaps in the data and to data that suggests that 
more than one mechanism may be operating. 
The relevance of the mechanism to humans is 
discussed, in particular, when mechanistic data 
are derived from experimental model systems. 
Changes in the affected organs, tissues or cells 
can be divided into three non-exclusive levels as 
described below.
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(i) Changes in physiology

Physiological changes refer to exposure-re-
lated modifications to the physiology and/or 
response of cells, tissues and organs. Examples 
of potentially adverse physiological changes 
include mitogenesis, compensatory cell division, 
escape from apoptosis and/or senescence, pres-
ence of inflammation, hyperplasia, metaplasia 
and/or preneoplasia, angiogenesis, alterations in 
cellular adhesion, changes in steroidal hormones 
and changes in immune surveillance.

(ii) Functional changes at the cellular level

Functional changes refer to exposure-re-
lated alterations in the signalling pathways used 
by cells to manage critical processes that are 
related to increased risk for cancer. Examples 
of functional changes include modified activ-
ities of enzymes involved in the metabolism 
of xenobiotics, alterations in the expression 
of key genes that regulate DNA repair, altera-
tions in cyclin-dependent kinases that govern 
cell cycle progression, changes in the patterns 
of post-translational modifications of proteins, 
changes in regulatory factors that alter apoptotic 
rates, changes in the secretion of factors related 
to the stimulation of DNA replication and tran-
scription and changes in gap–junction-mediated 
intercellular communication.

(iii) Changes at the molecular level

Molecular changes refer to exposure-related 
changes in key cellular structures at the molec-
ular level, including, in particular, genotoxicity. 
Examples of molecular changes include forma-
tion of DNA adducts and DNA strand breaks, 
mutations in genes, chromosomal aberrations, 
aneuploidy and changes in DNA methylation 
patterns. Greater emphasis is given to irreversible 
effects.

The use of mechanistic data in the identifi-
cation of a carcinogenic hazard is specific to the 
mechanism being addressed and is not readily 

described for every possible level and mechanism 
discussed above.

Genotoxicity data are discussed here to illus-
trate the key issues involved in the evaluation of 
mechanistic data.

Tests for genetic and related effects are 
described in view of the relevance of gene muta-
tion and chromosomal aberration/aneuploidy 
to carcinogenesis (Vainio et al., 1992; McGregor 
et al., 1999). The adequacy of the reporting of 
sample characterization is considered and, when 
necessary, commented upon; with regard to 
complex mixtures, such comments are similar 
to those described for animal carcinogenicity 
tests. The available data are interpreted critically 
according to the end-points detected, which 
may include DNA damage, gene mutation, sister 
chromatid exchange, micronucleus formation, 
chromosomal aberrations and aneuploidy. The 
concentrations employed are given, and mention 
is made of whether the use of an exogenous 
metabolic system in vitro affected the test result. 
These data are listed in tabular form by phyloge-
netic classification.

Positive results in tests using prokaryotes, 
lower eukaryotes, insects, plants and cultured 
mammalian cells suggest that genetic and related 
effects could occur in mammals. Results from 
such tests may also give information on the types 
of genetic effect produced and on the involve-
ment of metabolic activation. Some end-points 
described are clearly genetic in nature (e.g. gene 
mutations), while others are associated with 
genetic effects (e.g. unscheduled DNA synthesis). 
In-vitro tests for tumour promotion, cell transfor-
mation and gap–junction intercellular commu-
nication may be sensitive to changes that are not 
necessarily the result of genetic alterations but 
that may have specific relevance to the process of 
carcinogenesis. Critical appraisals of these tests 
have been published (Montesano et al., 1986; 
McGregor et al., 1999).

Genetic or other activity manifest in humans 
and experimental mammals is regarded to be of 
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greater relevance than that in other organisms. 
The demonstration that an agent can induce 
gene and chromosomal mutations in mammals 
in vivo indicates that it may have carcinogenic 
activity. Negative results in tests for mutagenicity 
in selected tissues from animals treated in vivo 
provide less weight, partly because they do not 
exclude the possibility of an effect in tissues other 
than those examined. Moreover, negative results 
in short-term tests with genetic end-points 
cannot be considered to provide evidence that 
rules out the carcinogenicity of agents that act 
through other mechanisms (e.g. receptor-medi-
ated effects, cellular toxicity with regenerative 
cell division, peroxisome proliferation) (Vainio 
et al., 1992). Factors that may give misleading 
results in short-term tests have been discussed 
in detail elsewhere (Montesano et al., 1986; 
McGregor et al., 1999).

When there is evidence that an agent acts by 
a specific mechanism that does not involve geno-
toxicity (e.g. hormonal dysregulation, immune 
suppression, and formation of calculi and other 
deposits that cause chronic irritation), that 
evidence is presented and reviewed critically in 
the context of rigorous criteria for the operation 
of that mechanism in carcinogenesis (e.g. Capen 
et al., 1999).

For biological agents such as viruses, 
bacteria and parasites, other data relevant to 
carcinogenicity may include descriptions of the 
pathology of infection, integration and expres-
sion of viruses, and genetic alterations seen in 
human tumours. Other observations that might 
comprise cellular and tissue responses to infec-
tion, immune response and the presence of 
tumour markers are also considered.

For physical agents that are forms of radia-
tion, other data relevant to carcinogenicity may 
include descriptions of damaging effects at the 
physiological, cellular and molecular level, as 
for chemical agents, and descriptions of how 
these effects occur. ‘Physical agents’ may also be 
considered to comprise foreign bodies, such as 

surgical implants of various kinds, and poorly 
soluble fibres, dusts and particles of various 
sizes, the pathogenic effects of which are a result 
of their physical presence in tissues or body 
cavities. Other relevant data for such materials 
may include characterization of cellular, tissue 
and physiological reactions to these materials 
and descriptions of pathological conditions 
other than neoplasia with which they may be 
associated.

(c) Other data relevant to mechanisms

A description is provided of any structure–
activity relationships that may be relevant to an 
evaluation of the carcinogenicity of an agent, the 
toxicological implications of the physical and 
chemical properties, and any other data relevant 
to the evaluation that are not included elsewhere.

High-output data, such as those derived 
from gene expression microarrays, and high-
throughput data, such as those that result from 
testing hundreds of agents for a single end-point, 
pose a unique problem for the use of mecha-
nistic data in the evaluation of a carcinogenic 
hazard. In the case of high-output data, there is 
the possibility to overinterpret changes in indi-
vidual end-points (e.g. changes in expression in 
one gene) without considering the consistency of 
that finding in the broader context of the other 
end-points (e.g. other genes with linked transcrip-
tional control). High-output data can be used in 
assessing mechanisms, but all end-points meas-
ured in a single experiment need to be considered 
in the proper context. For high-throughput data, 
where the number of observations far exceeds 
the number of end-points measured, their utility 
for identifying common mechanisms across 
multiple agents is enhanced. These data can be 
used to identify mechanisms that not only seem 
plausible, but also have a consistent pattern of 
carcinogenic response across entire classes of 
related compounds.
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(d) Susceptibility data

Individuals, populations and life-stages may 
have greater or lesser susceptibility to an agent, 
based on toxicokinetics, mechanisms of carcino-
genesis and other factors. Examples of host and 
genetic factors that affect individual susceptibility 
include sex, genetic polymorphisms of genes 
involved in the metabolism of the agent under 
evaluation, differences in metabolic capacity due 
to life-stage or the presence of disease, differ-
ences in DNA repair capacity, competition for 
or alteration of metabolic capacity by medica-
tions or other chemical exposures, pre-existing 
hormonal imbalance that is exacerbated by a 
chemical exposure, a suppressed immune system, 
periods of higher-than-usual tissue growth or 
regeneration and genetic polymorphisms that 
lead to differences in behaviour (e.g. addiction). 
Such data can substantially increase the strength 
of the evidence from epidemiological data and 
enhance the linkage of in-vivo and in-vitro labo-
ratory studies to humans.

(e) Data on other adverse effects

Data on acute, subchronic and chronic 
adverse effects relevant to the cancer evaluation 
are summarized. Adverse effects that confirm 
distribution and biological effects at the sites of 
tumour development, or alterations in physi-
ology that could lead to tumour development, are 
emphasized. Effects on reproduction, embryonic 
and fetal survival and development are summa-
rized briefly. The adequacy of epidemiological 
studies of reproductive outcome and genetic 
and related effects in humans is judged by the 
same criteria as those applied to epidemiological 
studies of cancer, but fewer details are given.

5. Summary

This section is a summary of data presented 
in the preceding sections. Summaries can be 
found on the Monographs programme web site 
(http://monographs.iarc.fr).

(a) Exposure data

Data are summarized, as appropriate, on 
the basis of elements such as production, use, 
occurrence and exposure levels in the work-
place and environment and measurements in 
human tissues and body fluids. Quantitative 
data and time trends are given to compare 
exposures in different occupations and environ-
mental settings. Exposure to biological agents is 
described in terms of transmission, prevalence 
and persistence of infection.

(b) Cancer in humans

Results of epidemiological studies pertinent 
to an assessment of human carcinogenicity are 
summarized. When relevant, case reports and 
correlation studies are also summarized. The 
target organ(s) or tissue(s) in which an increase in 
cancer was observed is identified. Dose–response 
and other quantitative data may be summarized 
when available.

(c) Cancer in experimental animals

Data relevant to an evaluation of carcino-
genicity in animals are summarized. For each 
animal species, study design and route of admin-
istration, it is stated whether an increased inci-
dence, reduced latency, or increased severity 
or multiplicity of neoplasms or preneoplastic 
lesions were observed, and the tumour sites are 
indicated. If the agent produced tumours after 
prenatal exposure or in single-dose experiments, 
this is also mentioned. Negative findings, inverse 
relationships, dose–response and other quantita-
tive data are also summarized.

http://monographs.iarc.fr
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(d) Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorp-
tion, distribution, metabolism, elimination) and 
the possible mechanism(s) of carcinogenesis (e.g. 
genetic toxicity, epigenetic effects) are summa-
rized. In addition, information on susceptible 
individuals, populations and life-stages is 
summarized. This section also reports on other 
toxic effects, including reproductive and devel-
opmental effects, as well as additional relevant 
data that are considered to be important.

6. Evaluation and rationale

Evaluations of the strength of the evidence for 
carcinogenicity arising from human and exper-
imental animal data are made, using standard 
terms. The strength of the mechanistic evidence 
is also characterized.

It is recognized that the criteria for these 
evaluations, described below, cannot encompass 
all of the factors that may be relevant to an eval-
uation of carcinogenicity. In considering all of 
the relevant scientific data, the Working Group 
may assign the agent to a higher or lower cate-
gory than a strict interpretation of these criteria 
would indicate.

These categories refer only to the strength of 
the evidence that an exposure is carcinogenic 
and not to the extent of its carcinogenic activity 
(potency). A classification may change as new 
information becomes available.

An evaluation of the degree of evidence is 
limited to the materials tested, as defined phys-
ically, chemically or biologically. When the 
agents evaluated are considered by the Working 
Group to be sufficiently closely related, they may 
be grouped together for the purpose of a single 
evaluation of the degree of evidence.

(a) Carcinogenicity in humans

The evidence relevant to carcinogenicity 
from studies in humans is classified into one of 
the following categories:

Sufficient evidence of carcinogenicity: 
The Working Group considers that a causal 

relationship has been established between expo-
sure to the agent and human cancer. That is, a 
positive relationship has been observed between 
the exposure and cancer in studies in which 
chance, bias and confounding could be ruled 
out with reasonable confidence. A statement that 
there is sufficient evidence is followed by a sepa-
rate sentence that identifies the target organ(s) or 
tissue(s) where an increased risk of cancer was 
observed in humans. Identification of a specific 
target organ or tissue does not preclude the 
possibility that the agent may cause cancer at 
other sites.

Limited evidence of carcinogenicity: 
A positive association has been observed 

between exposure to the agent and cancer for 
which a causal interpretation is considered by 
the Working Group to be credible, but chance, 
bias or confounding could not be ruled out with 
reasonable confidence.

Inadequate evidence of carcinogenicity: 
The available studies are of insufficient 

quality, consistency or statistical power to permit 
a conclusion regarding the presence or absence 
of a causal association between exposure and 
cancer, or no data on cancer in humans are 
available.

Evidence suggesting lack of carcinogenicity: 
There are several adequate studies covering 

the full range of levels of exposure that humans 
are known to encounter, which are mutually 
consistent in not showing a positive association 
between exposure to the agent and any studied 
cancer at any observed level of exposure. The 
results from these studies alone or combined 
should have narrow confidence intervals with an 
upper limit close to the null value (e.g. a relative 
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risk of 1.0). Bias and confounding should be ruled 
out with reasonable confidence, and the studies 
should have an adequate length of follow-up. A 
conclusion of evidence suggesting lack of carcino-
genicity is inevitably limited to the cancer sites, 
conditions and levels of exposure, and length of 
observation covered by the available studies. In 
addition, the possibility of a very small risk at the 
levels of exposure studied can never be excluded.

In some instances, the above categories may 
be used to classify the degree of evidence related 
to carcinogenicity in specific organs or tissues.

When the available epidemiological studies 
pertain to a mixture, process, occupation or 
industry, the Working Group seeks to identify 
the specific agent considered most likely to be 
responsible for any excess risk. The evaluation 
is focused as narrowly as the available data on 
exposure and other aspects permit.

(b) Carcinogenicity in experimental 
animals

Carcinogenicity in experimental animals 
can be evaluated using conventional bioassays, 
bioassays that employ genetically modified 
animals, and other in-vivo bioassays that focus 
on one or more of the critical stages of carcino-
genesis. In the absence of data from conventional 
long-term bioassays or from assays with neoplasia 
as the end-point, consistently positive results in 
several models that address several stages in the 
multistage process of carcinogenesis should be 
considered in evaluating the degree of evidence 
of carcinogenicity in experimental animals.

The evidence relevant to carcinogenicity in 
experimental animals is classified into one of the 
following categories:

Sufficient evidence of carcinogenicity: 
The Working Group considers that a causal 

relationship has been established between the 
agent and an increased incidence of malignant 
neoplasms or of an appropriate combination 
of benign and malignant neoplasms in (a) two 

or more species of animals or (b) two or more 
independent studies in one species carried out 
at different times or in different laboratories or 
under different protocols. An increased incidence 
of tumours in both sexes of a single species in a 
well conducted study, ideally conducted under 
Good Laboratory Practices, can also provide 
sufficient evidence.

A single study in one species and sex might 
be considered to provide sufficient evidence of 
carcinogenicity when malignant neoplasms occur 
to an unusual degree with regard to incidence, 
site, type of tumour or age at onset, or when there 
are strong findings of tumours at multiple sites.

Limited evidence of carcinogenicity: 
The data suggest a carcinogenic effect but 

are limited for making a definitive evaluation 
because, e.g. (a) the evidence of carcinogenicity 
is restricted to a single experiment; (b) there are 
unresolved questions regarding the adequacy 
of the design, conduct or interpretation of the 
studies; (c) the agent increases the incidence 
only of benign neoplasms or lesions of uncer-
tain neoplastic potential; or (d) the evidence 
of carcinogenicity is restricted to studies that 
demonstrate only promoting activity in a narrow 
range of tissues or organs.

Inadequate evidence of carcinogenicity: 
The studies cannot be interpreted as showing 

either the presence or absence of a carcinogenic 
effect because of major qualitative or quantitative 
limitations, or no data on cancer in experimental 
animals are available.

Evidence suggesting lack of carcinogenicity: 
Adequate studies involving at least two 

species are available which show that, within the 
limits of the tests used, the agent is not carcino-
genic. A conclusion of evidence suggesting lack 
of carcinogenicity is inevitably limited to the 
species, tumour sites, age at exposure, and condi-
tions and levels of exposure studied.
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(c) Mechanistic and other relevant data

Mechanistic and other evidence judged to be 
relevant to an evaluation of carcinogenicity and 
of sufficient importance to affect the overall eval-
uation is highlighted. This may include data on 
preneoplastic lesions, tumour pathology, genetic 
and related effects, structure–activity relation-
ships, metabolism and toxicokinetics, physico-
chemical parameters and analogous biological 
agents.

The strength of the evidence that any carcino-
genic effect observed is due to a particular mech-
anism is evaluated, using terms such as ‘weak’, 
‘moderate’ or ‘strong’. The Working Group then 
assesses whether that particular mechanism is 
likely to be operative in humans. The strongest 
indications that a particular mechanism oper-
ates in humans derive from data on humans 
or biological specimens obtained from exposed 
humans. The data may be considered to be espe-
cially relevant if they show that the agent in 
question has caused changes in exposed humans 
that are on the causal pathway to carcinogenesis. 
Such data may, however, never become available, 
because it is at least conceivable that certain 
compounds may be kept from human use solely 
on the basis of evidence of their toxicity and/or 
carcinogenicity in experimental systems.

The conclusion that a mechanism operates 
in experimental animals is strengthened by 
findings of consistent results in different experi-
mental systems, by the demonstration of biolog-
ical plausibility and by coherence of the overall 
database. Strong support can be obtained from 
studies that challenge the hypothesized mecha-
nism experimentally, by demonstrating that the 
suppression of key mechanistic processes leads 
to the suppression of tumour development. The 
Working Group considers whether multiple 
mechanisms might contribute to tumour devel-
opment, whether different mechanisms might 
operate in different dose ranges, whether sepa-
rate mechanisms might operate in humans and 

experimental animals and whether a unique 
mechanism might operate in a susceptible group. 
The possible contribution of alternative mecha-
nisms must be considered before concluding 
that tumours observed in experimental animals 
are not relevant to humans. An uneven level of 
experimental support for different mechanisms 
may reflect that disproportionate resources 
have been focused on investigating a favoured 
mechanism.

For complex exposures, including occupa-
tional and industrial exposures, the chemical 
composition and the potential contribution of 
carcinogens known to be present are considered 
by the Working Group in its overall evaluation 
of human carcinogenicity. The Working Group 
also determines the extent to which the mate-
rials tested in experimental systems are related 
to those to which humans are exposed.

(d) Overall evaluation

Finally, the body of evidence is considered 
as a whole, to reach an overall evaluation of the 
carcinogenicity of the agent to humans.

An evaluation may be made for a group of 
agents that have been evaluated by the Working 
Group. In addition, when supporting data indi-
cate that other related agents, for which there is no 
direct evidence of their capacity to induce cancer 
in humans or in animals, may also be carcino-
genic, a statement describing the rationale for 
this conclusion is added to the evaluation narra-
tive; an additional evaluation may be made for 
this broader group of agents if the strength of the 
evidence warrants it.

The agent is described according to the 
wording of one of the following categories, and 
the designated group is given. The categorization 
of an agent is a matter of scientific judgement that 
reflects the strength of the evidence derived from 
studies in humans and in experimental animals 
and from mechanistic and other relevant data.
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Group 1: The agent is carcinogenic to 
humans.

This category is used when there is suffi-
cient evidence of carcinogenicity in humans. 
Exceptionally, an agent may be placed in this 
category when evidence of carcinogenicity in 
humans is less than sufficient but there is suffi-
cient evidence of carcinogenicity in experimental 
animals and strong evidence in exposed humans 
that the agent acts through a relevant mechanism 
of carcinogenicity.

Group 2.

This category includes agents for which, at 
one extreme, the degree of evidence of carcino-
genicity in humans is almost sufficient, as well as 
those for which, at the other extreme, there are 
no human data but for which there is evidence 
of carcinogenicity in experimental animals. 
Agents are assigned to either Group 2A (probably 
carcinogenic to humans) or Group 2B (possibly 
carcinogenic to humans) on the basis of epidemi-
ological and experimental evidence of carcino-
genicity and mechanistic and other relevant data. 
The terms probably carcinogenic and possibly 
carcinogenic have no quantitative significance 
and are used simply as descriptors of different 
levels of evidence of human carcinogenicity, with 
probably carcinogenic signifying a higher level of 
evidence than possibly carcinogenic.

Group 2A: The agent is probably 
carcinogenic to humans.

This category is used when there is limited 
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental 
animals. In some cases, an agent may be clas-
sified in this category when there is inadequate 
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental 
animals and strong evidence that the carcino-
genesis is mediated by a mechanism that also 
operates in humans. Exceptionally, an agent may 

be classified in this category solely on the basis of 
limited evidence of carcinogenicity in humans. An 
agent may be assigned to this category if it clearly 
belongs, based on mechanistic considerations, to 
a class of agents for which one or more members 
have been classified in Group 1 or Group 2A.

Group 2B: The agent is possibly 
carcinogenic to humans.

This category is used for agents for which 
there is limited evidence of carcinogenicity in 
humans and less than sufficient evidence of 
carcinogenicity in experimental animals. It may 
also be used when there is inadequate evidence 
of carcinogenicity in humans but there is suffi-
cient evidence of carcinogenicity in experimental 
animals. In some instances, an agent for which 
there is inadequate evidence of carcinogenicity 
in humans and less than sufficient evidence of 
carcinogenicity in experimental animals together 
with supporting evidence from mechanistic and 
other relevant data may be placed in this group. 
An agent may be classified in this category solely 
on the basis of strong evidence from mechanistic 
and other relevant data.

Group 3: The agent is not classifiable as 
to its carcinogenicity to humans.

This category is used most commonly for 
agents for which the evidence of carcinogenicity 
is inadequate in humans and inadequate or 
limited in experimental animals.

Exceptionally, agents for which the evidence 
of carcinogenicity is inadequate in humans but 
sufficient in experimental animals may be placed 
in this category when there is strong evidence 
that the mechanism of carcinogenicity in exper-
imental animals does not operate in humans.

Agents that do not fall into any other group 
are also placed in this category.

An evaluation in Group 3 is not a determi-
nation of non-carcinogenicity or overall safety. 
It often means that further research is needed, 
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especially when exposures are widespread or 
the cancer data are consistent with differing 
interpretations.

Group 4: The agent is probably not 
carcinogenic to humans.

This category is used for agents for which 
there is evidence suggesting lack of carcinogenicity 
in humans and in experimental animals. In 
some instances, agents for which there is inad-
equate evidence of carcinogenicity in humans 
but evidence suggesting lack of carcinogenicity in 
experimental animals, consistently and strongly 
supported by a broad range of mechanistic and 
other relevant data, may be classified in this 
group.

(e) Rationale

The reasoning that the Working Group used 
to reach its evaluation is presented and discussed. 
This section integrates the major findings from 
studies of cancer in humans, studies of cancer 
in experimental animals, and mechanistic and 
other relevant data. It includes concise state-
ments of the principal line(s) of argument that 
emerged, the conclusions of the Working Group 
on the strength of the evidence for each group 
of studies, citations to indicate which studies 
were pivotal to these conclusions, and an expla-
nation of the reasoning of the Working Group 
in weighing data and making evaluations. When 
there are significant differences of scientific 
interpretation among Working Group Members, 
a brief summary of the alternative interpreta-
tions is provided, together with their scientific 
rationale and an indication of the relative degree 
of support for each alternative.
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This one-hundred-and-ninth Volume of the 
IARC Monographs presents evaluations of the 
carcinogenic hazards to humans arising from 
exposure to outdoor air pollution and particulate 
matter (PM) contained in polluted outdoor air. A 
summary of the findings has been published in 
The Lancet Oncology (Loomis et al., 2013).

Outdoor air pollution has myriad sources, 
both natural and anthropogenic. It is a mixture 
of mixtures, and the mix of contaminants in 
outdoor air varies widely in space and time, 
reflecting variation in its sources, weather, 
atmospheric transformations, and other factors. 
In any particular place, the pollution in outdoor 
air comes not only from local sources but also 
from sources that affect air quality regionally 
and even globally.

The complex mixture of air pollution has 
not previously been evaluated, as such, in the 
IARC Monographs. However, this Volume is 
the culmination of a series that has examined 
individual pollutants that are found in outdoor 
air. The heterogeneity of air pollution was an 
acknowledged challenge in planning this series 
of Monographs. Consequently, the International 
Agency for Research on Cancer (IARC) 
convened a special Advisory Group in 2004 to 
provide guidance on how to address air pollu-
tion and cancer. This Advisory Group recom-
mended a sequence of reviews that would begin 
with specific combustion products and sources 
and culminate with a Monograph on outdoor air 
pollution (Straif et al., 2013). With respect to the 
final Monograph, the Advisory Group noted that 

because outdoor air pollution cannot be readily 
defined, the final Monograph “should focus on 
those pollutants generated by human activities, 
particularly those entailing combustion and 
industrial processes” and should consider air 
pollution in rural as well as urban environments. 
Evaluations of a number of important air pollut-
ants have been published in IARC Monographs 
Volumes 92, 93, 95, 100C, 100E, 103, and 105. 
The current Volume completes that planned 
sequence.

The nature of the evidence available to the 
Working Group differed across the sections 
of the Monograph. Exposure data were avail-
able on outdoor air pollution and in relation 
to mixtures associated with particular sources. 
Epidemiological studies that addressed the 
outdoor air pollution mixture and commonly 
measured indicators of exposure to it, notably 
including PM, were reviewed. Some studies of 
cancer in laboratory animals also assessed real-
world outdoor air pollution mixtures, but most 
examined PM collected from outdoor air or 
organic matter extracted from outdoor air parti-
cles. Mechanistic studies also assessed effects 
related to a wide spectrum of exposure indica-
tors, ranging from studies in exposed humans 
to experimental studies focusing on particular 
components of the mixture, such as PM, or 
samples derived from PM.

There is a substantial body of scientific liter-
ature on various sources of air pollution and 
on environmental concentrations of particular 
pollutants. The Working Group sought 

GENERAL REMARKS
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representative data on air pollution world-
wide, but as such data are often presented in 
government reports and online databases, this 
evidence could not be systematically reviewed. 
A systematic review of relevant epidemiological 
studies was conducted, and the evidence from 
animal carcinogenicity studies was systemati-
cally updated. Some of the same evidence was 
also considered in previous IARC Monographs. 
The Working Group cites the findings of these 
Monographs and of particular studies where they 
are informative with regard to the outdoor air 
pollution mixture.

The accumulated scientific evidence is 
notably consistent across studies of cancer in 
humans, cancer in animals, and mechanisms 
of carcinogenesis. The Working Group found 
that there is sufficient evidence in humans and 
in experimental animals for the carcinogenicity 
of outdoor air pollution in general and of PM in 
outdoor air pollution more specifically. These 
findings are supported by strong mechanistic 
evidence in exposed humans, including studies 
showing increased frequencies of micronuclei 
and chromosomal aberrations in individuals 
occupationally or residentially exposed to 
polluted air, as well as by studies showing genetic 
and related effects in animals and diverse exper-
imental systems. A wide range of other effects 
related to carcinogenesis, including oxidative 
stress, inflammation, and epigenetic alterations, 
have also been observed in exposed humans and 
animals and in diverse experimental systems.

Given the variability of outdoor air pollu-
tion in space and time, the extent to which any 
classification of the cancer risk from outdoor 
air pollution can be generalized needs consid-
eration. The Working Group acknowledged that 
the mix of pollution sources ranges widely and 
the exposures of any given population may be 
dominated by particular sources. Nonetheless, 
the exposure data document the presence of 
key mixture components, specifically particles, 
across diverse locations, and mechanisms of 
carcinogenicity apply across components and 

locations. Consequently, the Working Group 
concluded that its classification for outdoor air 
pollution has general applicability.

The Working Group also noted that much of 
the world’s population is exposed to air pollu-
tion at levels substantially above those at which 
associations with lung cancer have been demon-
strated. Thus, the findings of the epidemiological 
studies of outdoor air pollution and cancer need 
to be generalized both to levels comparable to 
those at which the studies were carried out and 
to levels well above those spanned in currently 
available epidemiological studies.

The classification of outdoor air pollution and 
PM as carcinogenic to humans (Group 1) raises 
questions regarding the extent of the cancer 
burden attributable to these exposures. Using 
PM with particles of aerodynamic diameter less 
than 2.5 μm (PM2.5) as an indicator of population 
exposure to outdoor air pollution, the Global 
Burden of Disease Project has made estimates 
of the global burden of lung cancer associated 
with outdoor air pollution. According to these 
estimates, 223  000 deaths per year worldwide 
(about 15% of all deaths from lung cancer) are 
attributable to outdoor air pollution (Lim et al., 
2012; Straif et al., 2013).
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1.1 Definition of outdoor air 
pollution

Air pollution is the presence in the air of one 
or more substances at a concentration or for a 
duration above their natural levels, with the 
potential to produce an adverse effect (derived 
from Seinfeld & Pandis, 2006). This definition 
implicitly acknowledges that some substances 
that are considered to be air pollutants are 
present naturally. Although some air pollut-
ants are solely anthropogenic, or nearly so (e.g. 
chlorofluorocarbons and, for most purposes, 
some products of fossil fuel combustion), many, 
including ozone, particulate matter (PM), sulfur 
dioxide (SO2), carbon monoxide (CO), and 
polycyclic aromatic hydrocarbons (PAHs), may 
also result from natural processes (Table  1.1). 
Anthropogenic activities have led to increases in 
many air pollutants to levels that have adverse 
impacts on human and environmental health. 
What is key in terms of assessing the potential 
health effects of air pollution are the levels of the 
thousands of substances present, recognizing 
that their composition varies from location to 
location, so the term “air pollution” can refer to 
very different exposure mixtures.

1.1.1 Characteristics of exposure to outdoor 
air pollution

(a) Overview

Exposure to outdoor air pollutants occurs 
virtually continuously, across microenviron-
ments, including indoors. The composition of 
the mixture and the absolute levels of the air 
pollutants change, and many different air pollut-
ants are present. The understanding of these 
exposures is complicated by the fact that the 
composition is seldom, if ever, well characterized 
in any environment, much less in all of the loca-
tions an individual may traverse. Although most 
of the more-abundant pollutants are known and 
can be measured, many trace species have not 
been identified, much less quantified routinely. 
Most trace pollutants typically are not measured; 
instead, they are characterized as being part of 
a class of pollutants that are more readily meas-
ured together (e.g. many organic compounds are 
aggregated in measurements), or they may be 
linked to other indicators.

In light of the complexities discussed in this 
Monograph, there is no standardized way to char-
acterize exposure to outdoor air pollution. This 
text focuses on outdoor air pollutants, classes 
of pollutants, pollutant mixtures (characterized 
by source and/or components), and pollutant 
indicators that are of specific interest as poten-
tially leading to human cancer due to direct 
contact with humans through their presence in 
outdoor air. This includes exposures to outdoor 

1. EXPOSURE DATA
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pollutants and their reaction products outdoors 
and indoors. Exposures to pollutants generated 
indoors and contained indoors (e.g. from cooking 
and heating) and to smoking are not considered, 
but pollutants generated indoors that migrate 
outdoors are considered. An increased focus is 
on those specific species, classes of pollutants, 
indicators, and mixtures that are most relevant 
to cancer in humans.

There are multiple ways to parse exposure 
to outdoor air pollution. First, the phase can 
be considered. Air pollutants are typically clas-
sified as being gaseous or PM, which contains 
suspensions of very small particles (with diame-
ters of a few micrometres or less, down to nano-
metre scales) that are liquid and/or solid matter. 
Complicating this classification is the fact that 

some pollutants move between phases (e.g. semi-
volatile organic compounds [SVOCs]). A second 
consideration is whether the pollutant is emitted 
directly, and thus is primary (e.g. dust), or is 
formed in the atmosphere, and thus is secondary 
(e.g. ozone). Some pollutants are both primary 
and secondary (e.g. formaldehyde). Primary 
and secondary pollutants are described in more 
detail in Section 1.2. A third approach would be 
to consider where the exposure takes place (e.g. 
outdoors, in a car, or indoors) and whether the 
pollutant mixture has been significantly altered 
by that microenvironment. A fourth considera-
tion is the source of the pollutant mixture (e.g. 
fuel combustion, chemical manufacture) or 
whether the mixture is dominated by secondary 
compounds.

Table 1.1 Major air pollutants and pollutant classes of interest, their physical state, and their 
sources

Pollutant/pollutant 
class

Examples Physical 
state

Major sources

Photochemical 
oxidants

Ozone Gas Generated from NOx, VOCs, and 
CO, as well as natural processes (e.g. 
stratosphere)

Sulfur dioxide (SO2) SO2 Gas Fossil fuel combustion, natural emissions
Carbon monoxide 
(CO)

CO Gas Fossil fuel combustion, particularly 
spark-ignition engines; oxidation of 
biogenic VOC emissions

Nitrogen oxides 
(NOx)

NO2 Gas Combustion processes

Hazardous air 
pollutants (HAPs)

Benzene, 1,3-butadiene, formaldehyde, 
acids

Gas Incomplete combustion, chemical 
processing, solvent use

Mercury (Hg) Hg0, methyl mercury Gas and 
particulate

Coal combustion, ore refining, natural

Lead (Pb) Pb Particulate Leaded fuel combustion, lead processing
PM, including PM2.5, 
PM10, inhalable PM, 
TSP

Inorganic ions (e.g. sulfate); metal oxides; 
carbonaceous material, including organic 
carbon (OC) and elemental carbon (EC)

Particulate 
(condensed 
phase)

Dust storms, fossil fuel combustion, 
biomass fuel combustion, biogenic 
emissions, fertilizer use, gas-to-particle 
conversion

Organic carbon (OC) Hopanes, steranes, polycyclic aromatic 
hydrocarbons, levoglucosan (hundreds 
of species present, not all identified or 
quantified)

Particulate Fossil and biomass fuel combustion, 
vegetative detritus, oxidation of gaseous 
organic compounds

CO, carbon monoxide; EC, elemental carbon; Hg0, elemental mercury; NO2, nitrogen dioxide; NOx, nitrogen oxides; OC, organic carbon; 
PM, particulate matter; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of 
aerodynamic diameter < 2.5 μm; SO2, sulfur dioxide; TSP, total suspended particles; VOCs, volatile organic compounds.
Prepared by the Working Group.
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(b) Air pollutants

Air pollutants and pollutant classes of interest, 
their physical state, and their major sources are 
summarized in Table 1.1.

Gaseous compounds of interest include, 
but are not limited to: ozone; nitrogen oxides 
(NOx), which comprise nitrogen oxide (NO) and 
nitrogen dioxide (NO2) (in the atmosphere, NO 
is oxidized to NO2, often rapidly in the presence 
of ozone); SO2; and a myriad of volatile organic 
gases (often referred to as organic gases or vola-
tile organic compounds [VOCs]). VOCs include 
aldehydes (e.g. formaldehyde), ketones, aromatics 
(e.g. benzene), alkanes, and other classes. PM is 

even more complex (and less well understood). 
PM is characterized by both its size and its chem-
ical composition (see Fig. 1.1). Particle sizes range 
across about 5 orders of magnitude, from the 
nanometre scale (e.g. as clusters of molecules) up 
to grains of dust on the order of tens of micro-
metres. Although the distribution of particle sizes 
can be measured, most measurements capture 
the mass in specific size ranges; for example, 
PM2.5 is PM with particles of aerodynamic diam-
eter less than 2.5 μm. Other common size classes 
are PM10 (PM < 10 μm), total suspended particles 
(TSP), and ultrafine PM (PM < 0.1 μm). Coarse 
PM is taken as the fraction with diameters from 
2.5 μm to 10 μm. These size classes are relevant 

Fig. 1.1 Major features of atmospheric particle mass distribution

PM2.5

PM10

TSP

PM10-2.5

2.5

PM7/SPM:
100% 
collection
efficiency of 
10 µm 
particles in 
Japan

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm; SPM, suspended particulate matter; TSP, total suspended particles; UP, ultrafine particles.
Adapted from Watson (2002). Visibility: science and regulation. J Air Waste Manag Assoc, 52(6):628–713, by permission of the Air & Waste 
Management Association. (http://www.awma.org).

http://www.awma.org
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to PM dynamics in the atmosphere and uptake 
in the human body, and reflect size ranges used 
in health studies.

Broad classes of chemical compounds can be 
considered in PM: inorganic ionic compounds 
(e.g. sulfate), metal oxides (e.g. silicon oxide), 
and carbonaceous PM, which can in turn be 
classified as organic carbon (OC) and elemental 
carbon (EC).

EC is not truly pure carbon and is defined 
by the measurement approach; in some cases, 
the term black carbon (BC) is used, again being 
defined by the measurement approach.

OC comprises hundreds of compounds, and 
although the common inorganic compounds are 
reasonably well known and measured, only a 
fraction of the organic compounds in PM have 
been specifically identified (Schauer et al., 1996). 
Significant headway has recently been made to 
better understand the general structure of the 
unidentified compounds (Gentner et al., 2012; 
Liu et al., 2012).

In addition, some inorganic compounds (e.g. 
ammonium and nitrate) and a myriad of organic 
compounds (e.g. SVOCs and intermediate-vola-
tility organic compounds) can move between the 
condensed (particle) phase and the gas phase.

Atmospheric chemistry and transport, and 
infiltration indoors, alter the exposure mixtures. 
Ozone, a major component of photochemical 
smog, is formed in the atmosphere due to reac-
tions of NOx with VOCs and CO. Sulfate PM 
is derived primarily from the oxidation of SO2 
(a gas), followed by gas-to-particle conversion. 
Although formaldehyde is emitted from some 
building materials and chemical facilities, more 
is formed in the atmosphere from the oxidation of 
other organic compounds, and is also destroyed 
by further reactions. A potentially important, but 
less well understood, set of chemistry involves 
larger organic molecules. Oxidation of gaseous 
organic molecules can lower their vapour pres-
sure, leading to condensation, and they thus 
become part of the OC mixture in PM. There can 

be multiple generations of reactions, and some 
reactions can also take place in or on the parti-
cles themselves.

(c) Role of sources in the composition of 
outdoor air pollutants

Here, an overview is provided of the infor-
mation described in detail for each pollutant in 
Section 1.2, focusing on sources.

Fossil fuel combustion leads to elevated levels 
of NOx, VOCs, and carbonaceous PM. Reactions 
involving these compounds can further contribute 
to elevated levels of other compounds, such as 
ozone. Furthermore, any impurities in the fuel, 
for example sulfur and metals such as mercury, 
are also emitted, sometimes as a gas (e.g. SO2) 
or as PM (e.g. fly ash, including metals such as 
selenium, vanadium, and nickel) or as both (e.g. 
mercury). The combustion process is complex, 
leading to a mixture of organic gases and PM 
that is just as complex, comprising species that 
were originally present in the fuel (e.g. benzene) 
and products of incomplete combustion. Some 
products of incomplete combustion include 
partially oxidized organic components (e.g. 
aldehydes), pyrolysis products (e.g. 1,3-butadiene 
and carbonaceous aerosol), and more oxidized 
products such as CO and carbon dioxide (CO2) 
and PAHs. Some of these organic species of 
concern, including dioxins, quinones, and 
PAHs, are known or suspected carcinogens (see 
Table 1.2). The relative abundance of the constit-
uents depends on the fuel type and combustion 
conditions. Historically, spark-ignition engines 
typically produced relatively less PM and NOx 
than diesel, but more CO and VOCs. The carbo-
naceous PM from combustion is particularly 
complex (for detailed information, see HEI, 2013 
and IARC, 2013a). Not all automobile emissions 
are from the exhaust pipe; brake and tyre wear 
can lead to copper and asbestos emissions, as 
well as resuspended dust. Biomass fuel combus-
tion leads to emissions that can be similar to 
those from fossil fuel combustion, at least at the 
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macroscopic level. Typically biomass combus-
tion in open burning and in stoves takes place at 
lower temperatures, leading to lower NOx emis-
sions but higher CO emissions. Organic gases 
are emitted, as is carbonaceous PM, along with 
impurities in the fuel (e.g. potassium). The major 
differences are at the molecular level. Chemical 
plants and other industries have been respon-
sible for elevated levels of additional pollutants, 
including heavy metals and organic air toxics, 
and the compounds involved are process-spe-
cific. The air toxics may be due to leakage in the 
plant or from incomplete combustion of flaring 
used to control emissions.

Natural processes also play a role. Wildland 
fires, natural and human-related, lead to emis-
sions of CO, NO, and organic gases (including air 
toxics) and PM. Lightning forms NOx and ozone. 
Sea spray generates PM. Volcanoes emit sulfur 
oxides (SOx), mercury, and other metals. Wind 
raises dust. Plants emit organic gases, some of 
which are highly reactive. Microbial activity leads 
to emissions of NOx and ammonia, as well as 
bioaerosols. Biogenically emitted VOCs and NOx 
react to form ozone and organic PM. In many 
cases, natural and anthropogenic sources, such 
as natural VOCs and emissions of NOx and SOx 
from fossil fuel combustion, interact to produce 
higher pollutant levels than would be present 
with either type alone. Together, these sources 
and the related atmospheric processing lead to 
air pollutant mixtures of tremendous complexity 
and variation, although at any one time most of 
the pollutants are present, just at varying levels.

Carbonaceous PM is a major component 
of outdoor PM in general, and it will take on 
a larger role as the levels of other components 
of PM are reduced. Characterizing the compo-
nents of primary and secondary carbonaceous 
PM is difficult, and even specialized studies have 
typically identified and quantified a relatively 
small fraction of the potentially thousands of 
components (Schauer et al., 1996). Therefore, 
carbonaceous PM is often classified more simply 

as EC and OC. To the extent that they have 
been characterized, carbonaceous PM emis-
sions typically resemble the components in the 
fuel they are derived from (and, in the case of 
internal combustion engines, the lubricating 
oil), along with pyrolysis products. OC from 
internal combustion engines includes PAHs, 
hopanes, steranes, and partially oxidized prod-
ucts of the underlying fuels and lubricant (Zheng 
et al., 2002; Gentner et al., 2012; Isaacman et al., 
2012; Liu et al., 2012; Zhao et al., 2013). OC from 
biomass combustion contains large amounts of 
levoglucosan, a pyrolysis product of cellulose 
combustion. Atmospheric processing increases 
the complexity of the OC mixture. Secondary 
organic compounds are formed in part from the 
oxidation of gaseous organic compounds, which 
then have a lowered vapour pressure, leading to 
condensation. Organic compounds that were 
originally emitted as PM can volatilize, react, 
and then recondense. As discussed below, recent 
advances in analytical methods are leading to 
a more detailed understanding of both emitted 
and outdoor OC at the molecular level (Gentner 
et al., 2012; Isaacman et al., 2012).

(d) Role of spatial scales of pollutants

Concentrations of outdoor air pollutants vary 
across microenvironments, depending on source 
characteristics. A typical urban area is affected by 
the surrounding regional background pollutants, 
which have evolved from a variety of processes 
(e.g. chemistry, dispersion, and deposition, along 
with emissions from natural processes). Pollutant 
concentrations in a city increase due to the variety 
of urban emissions characteristic of populated 
areas, leading to elevated levels of primary and 
processed pollutants on spatial scales similar to 
the size of the city (1 km to tens of kilometres). On 
top of the urban mixture, locally elevated levels 
of freshly emitted pollutants occur over smaller 
scales (0 m to hundreds of metres). Specific loca-
tions that experience high levels of air pollution 
include sites near and on roadways (including in 



IARC MONOGRAPHS – 109

40

vehicles), in fire plumes, and near chemical facil-
ities. Karner et al. (2010) assessed near-roadway 
pollutant gradients and found that CO concen-
trations dropped by 90% to near background 
levels in about 170 m, and that concentrations of 
most other roadway-emitted species dropped to 
near background levels by 570 m. There are also 
locally large exposure gradients around factories 
and industrial complexes, although such gradi-
ents can be quite complex, depending on source 
characteristics. In contrast, plumes from power 
plants and fires, although they are diluted, can 
still be identified for tens to thousands of kilo-
metres (Ryerson et al., 1998; Forster et al., 2001). 
Secondary pollutants (e.g. ozone, sulfate, and 
part of the OC) are found regionally with rela-
tively smaller gradients. Dust has impacts at 
multiple scales; locally generated dust can have 
large impacts locally, and dust storms can lead 
to intercontinental transport.

For pollutants generated outdoors, concen-
trations may be lower when the pollutants are 
transported indoors. However, since people tend 
to spend most of their time indoors, most of the 
exposure to those pollutants occurs indoors. 
Also, indoor environments can lead to unique 
exposures as pollutants generated outdoors come 
into a very different environment, allowing new 
chemical pathways to occur. Studies have quanti-
fied exposures to specific chemicals or classes of 
chemicals across environments.

1.1.2 Pollutant concentrations

A better perspective on the potential impacts 
of air pollutants and air pollution is gained by 
considering typical levels of the major pollutants; 
more detailed descriptions of concentrations 
across regions are given in Section 1.4.

For primary pollutants, urban concentrations 
can be many hundreds of times background 
levels; ozone levels do not vary as dramatically. 
Approximate concentration ranges are given 
because pollutant concentrations vary by orders 

of magnitude between urban areas and within 
an urban area, depending on the location or day 
(or time of day). Although many measurements 
target a specific agent, the concentrations can 
be an indicator of a mixture and the presence of 
other compounds.

Ozone is produced naturally, and pre-indus-
trial levels are estimated to have been approxi-
mately 30  μg/m3. Background levels are now 
about twice that, due to worldwide anthropo-
genic emissions of NOx and VOCs, along with 
natural emissions. Because ozone is produced 
photochemically, levels are typically highest 
during sunny periods with reduced atmospheric 
dispersion. In urban areas with photochemical 
pollution, ozone levels have reached much higher 
levels (likely > 1000 μg/m3 in Los Angeles in the 
1970s), but current levels in urban areas are much 
lower (e.g. summertime peaks of < ~400 μg/m3). 
Ozone reacts with NO, so in areas where NOx 
emissions are high and/or photochemical 
activity is low, ozone levels are depressed and can 
be well below background levels. When elevated 
levels of ozone are found in urban areas, levels 
of other photochemical oxidants are likely to be 
elevated as well, including aldehydes, organic 
acids, organonitrates, inorganic acids, hydrogen 
peroxide, and photochemically produced PM 
(typically in the fine fraction) (Finlayson-Pitts & 
Pitts, 2000a, 2000b, and references therein).

PM levels vary dramatically and depend on 
which size fraction is being considered (Seinfeld 
& Pandis, 2006, and references therein). PM10 
levels are higher than PM2.5 levels because that 
size range (PM10) includes the particles between 
2.5  μm and 10  μm in diameter, in addition to 
particles with diameters smaller than 2.5 μm. The 
ratio between the two is location- and time-de-
pendent. For 21 regions analysed worldwide in 
2005, Brauer et al. (2012) estimated the ratio 
of annual average levels (PM2.5/PM10) to range 
from 0.13 to 0.94. Areas with high levels of dust 
or sea salt will have a considerably higher frac-
tion of coarse PM, but if the PM is derived from 



Outdoor air pollution

41

combustion emissions or atmospheric reactions, 
the PM2.5 can be a large proportion of the PM10. 
In pristine areas or after rainstorms, PM2.5 levels 
can be below 1  μg/m3. In more typical urban 
atmospheres, annual average levels of PM2.5 are 
on the order of 4 μg/m3 to tens of micrograms 
per cubic metre (Brauer et al., 2012; Cooper et al., 
2012). Background levels of SO2 are very low, 
less than 1  μg/m3, except near natural sources 
(Finlayson-Pitts & Pitts, 2000b). In urban areas 
or near point sources, however, SO2 levels can 
exceed tens of micrograms per cubic metre.

OC is present in urban atmospheres due to 
direct emissions and photochemical production. 
Levels are typically on the order of 1–10 μg/m3 but 
can be higher during stagnation events. Levels of 
the individual organic compounds that comprise 
OC are much lower, reflecting the hundreds of 
substances likely to be present. EC levels are typi-
cally less than OC levels, by about a factor of 2 or 
more, depending on the source distributions and 
photochemical activity. OC and EC levels are 
often highly correlated, because they share some 
of the same sources, and can also be correlated 
with levels of CO and NOx (e.g. HEI, 2013).

Background CO levels are on the order of 
50 μg/m3, varying both spatially and temporally 
(Seinfeld & Pandis, 2006). In urban areas with 
high levels of spark-ignition engine emissions, 
levels are about 10 times background levels and 
can be as high as 1000 or more times background 
levels during adverse meteorological conditions 
near sources. Concentrations tend to peak in 
cooler periods, when dispersion is reduced and 
cold-start emissions from vehicles are increased. 
CO levels in urban areas in developed countries 
have dropped dramatically due to automotive 
emission controls.

Average lead concentrations have decreased 
dramatically in countries where regulations have 
reduced the lead content in on-road motor vehicle 
gasoline. In the USA, lead concentrations in cities 
dropped from more than 5  μg/m3 in the early 
1980s to about 0.1 μg/m3 after the use of leaded 

fuel was discontinued (EPA, 2010). Elevated lead 
concentrations are still found where leaded fuel 
is used and around lead processing facilities.

NOx are emitted naturally by combustion 
and from microbial activity, leading to levels of 
0.02–10 μg/m3. Urban concentrations can reach 
more than 1000 μg/m3, although they are typi-
cally more on the order of 10–100 μg/m3 (Seinfeld 
& Pandis, 2006).

A large number of other potentially hazardous 
air pollutants (HAPs; sometimes referred to as 
air toxics) are found in the atmosphere. Different 
organizations maintain different lists of air 
toxics. In many cases these pollutants are gener-
ally associated with specific source types and are 
found at elevated levels in limited geographical 
areas around point sources; exceptions include 
pollutants such as 1,3-butadiene from engines, 
PAHs from fossil and biomass fuel combustion, 
and mercury, which is long-lived and is deposited 
and re-emitted (UNEP, 2008). Special studies 
have produced information on potential levels of 
exposures. Levels of many of the compounds can 
be found in Seinfeld & Pandis (2006) and refer-
ences therein, and are discussed below.

1.1.3 Pollutants classified by IARC

Outdoor air contains many substances 
that have been evaluated by IARC in the past 
(Table 1.2). The concentrations of these agents in 
the atmosphere are often very low, much lower 
than the levels that are found in environments 
where past epidemiological studies linking the 
substance to cancer may have occurred. Recently, 
IARC classified diesel engine exhaust in Group 1 
and gasoline engine exhaust in Group 2B (IARC, 
2013a). These are both significant components of 
urban air pollution mixtures, and include PM 
and other compounds.
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Table 1.2 Agents in outdoor air that are established or probable IARC carcinogensa 

Agent CAS no. Evaluation Volume (reference)

Metals and fibres
Arsenic and inorganic arsenic compounds 7440-38-2 1 100C (IARC, 2012a)
Asbestos 1 100C (IARC, 2012a)
Beryllium and beryllium compounds 7440-41-7 1 100C (IARC, 2012a)
Cadmium and cadmium compounds 7440-43-9 1 100C (IARC, 2012a)
Chromium (VI) 18540-29-9 1 100C (IARC, 2012a)
Lead compounds, inorganic/organic 2A/3 87 (IARC, 2006)
Nickel, metallic/compounds 2B/1 100C (IARC, 2012a)
Silica dust 1 100C (IARC, 2012a)
Organic chemicals
1,3-Butadiene 106-99-0 1 100F (IARC, 2012b)
Benzene 71-43-2 1 100F (IARC, 2012b)
Ethylene oxide 75-21-8 1 100F (IARC, 2012b)
Formaldehyde 50-00-0 1 100F (IARC, 2012b)
Halogenated chemicals
Ethylene dibromide 106-93-4 2A 71 (IARC, 1999)
2,3,7,8-Tetrachlorodibenzo-para-dioxin 1746-01-6 1 100F (IARC, 2012b)
Tetrachloroethylene 127-18-4 2A 106 (IARC, 2014a)
Trichloroethylene 79-01-6 1 106 (IARC, 2014a)
1,2,3-Trichloropropane 96-18-4 2A 63 (IARC, 1995)
Vinyl bromide 593-60-2 2A 97 (IARC, 2008)
Vinyl chloride 75-01-4 1 100F (IARC, 2012b)
Vinyl fluoride 75-02-5 2A 97 (IARC, 2008)
Polycyclic aromatic hydrocarbons
Benzo[a]pyrene 50-32-8 1 100F (IARC, 2012b)
Cyclopenta[cd]pyrene 27208-37-3 2A 92 (IARC, 2010a)
Dibenz[a,h]anthracene 53-70-3 2A 92 (IARC, 2010a)
6-Nitrochrysene 7496-02-8 2A 105 (IARC, 2013a)
-Nitropyrene 5522-43-0 2A 105 (IARC, 2013a)
2-Nitrotoluene 88-72-2 2A 101 (IARC, 2013b)
Mixtures
Biomass fuel (primarily wood), indoor emissions from household 
combustion of

2A 95 (IARC, 2010b)

Coal, indoor emissions from household combustion of 1 100E (IARC, 2012c)
Coal tar pitch 65996-93-2 1 100F (IARC, 2012b)
Coke production 1 100F (IARC, 2012b)
Creosotes 8001-58-9 2A 92 (IARC, 2010a)
Diesel engine exhaust 1 105 (IARC, 2013a)
Frying, emissions from high-temperature 2A 95 (IARC, 2010b)
Mineral oils, untreated or mildly treated 1 100F (IARC, 2012b)
Polychlorinated biphenyls 1336-36-3 1 107 (IARC, 2014b)
Polybrominated biphenyls 59536-65-1 2A 107 (IARC, 2014b)
Tobacco smoke, second-hand 1 100E (IARC, 2012c)
Wood dust 1 100C (IARC, 2012a)

a  Established or probably carcinogens include Group 1 and Group 2A. The Working Group noted that many agents in Group 2B are also 
detected in outdoor air, such as gasoline engine exhaust, several individual polycyclic aromatic hydrocarbons, and acetaldehyde.
Prepared by the Working Group.
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1.2 Sources of air pollutants

1.2.1 Introduction

Although there are hundreds of sources of 
outdoor air pollution, the source categories that 
are the largest contributors to most air pollut-
ants in many locations are: vehicle emissions; 
stationary power generation; other industrial 
and agricultural emissions; residential heating 
and cooking; re-emission from terrestrial and 
aquatic surfaces; the manufacturing, distribu-
tion, and use of chemicals; and natural processes 
(Unger et al., 2010). Given the large differences 
in the number and density of these sources as 
well as in their design, fuel source, and effective-
ness of emission control technology, the relative 
contribution of these sources to air pollution 
concentrations and exposures varies consider-
ably across locations.

Daily, weekly, and seasonal changes in source 
activity, as well as meteorological factors, can also 
lead to very large changes in the temporal trends 
in atmospheric pollutant concentrations and the 
relative contributions from different sources.

Sources of air pollutants can be divided into 
several types. These can be helpful in under-
standing the spatial and temporal distribution 
of source emissions, which has a large impact on 
exposures to emissions from different sources. 
Sources are commonly classified into three 
broad groups: primary, secondary, and re-emis-
sion sources. A primary source results from the 
direct emissions from an air pollution source. 
In contrast, a secondary source results from 
the formation of a pollutant in the atmosphere 
from the chemical reaction of precursors emitted 
from air pollution sources. Finally, a re-emis-
sion source results from primary or secondary 
pollutants depositing on the Earth’s terrestrial or 
aquatic surfaces, followed by re-emission to the 
atmosphere.

Not all pollutants fall exclusively into one 
group, but in many locations, the classification 
of a pollutant into these categories can provide 

insight into exposure gradients. Secondary 
and re-emission sources tend to have smaller 
temporal and spatial concentration gradi-
ents than primary sources, due to the physical 
processes controlling their emissions. Primary 
sources can be further subdivided into point 
sources, mobile sources, and area sources. Point 
sources’ emissions are from emissions stacks and 
tend to lead to very large spatial and temporal 
gradients in concentration. Mobile sources are 
associated with transportation and tend to have 
large spatial gradients close to roadways but tend 
to be more homogeneous away from roadways 
in urban areas. Area sources are sources with 
relatively dispersed emissions over large areas 
and lead to relatively constant source contribu-
tions over space but can have very large temporal 
changes in emissions. In addition, fugitive 
sources, including VOCs and dust, result from 
the leakage of gases from storage and handling 
facilities and the resuspension of dust, respec-
tively. The nature of these source categories leads 
to source contributions and exposures that can 
be parameterized with physical and statistical 
models to represent pollutant concentrations, 
given knowledge of emission factors.

Estimates of the source contribution to 
pollutant concentrations in the atmosphere 
and to exposures can be obtained with trans-
port models, receptor models, or hybrid models 
that integrate aspects of transport models and 
receptor models. Transport models use emissions 
inventories along with mathematical representa-
tions of wind speed and direction to estimate 
pollutant concentrations over time and space. 
Receptor models use measurements of pollutants 
at a given location or from personal exposure 
measurements to elucidate the sources of the 
pollutants (EPA, 2014; European Commission, 
2014). Reasonable confidence in source appor-
tionment models usually requires agreement 
between transport and receptor models, but this 
is not always achieved if the applied models are 
not adequately developed.
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In locations or scenarios where transport and 
receptor models have not been developed, the 
use of emissions inventories and source-specific 
intake fractions can provide reasonable estimates 
of exposures and the sources of the exposures.

Table  1.3 provides a global anthropogenic 
emissions inventory of key global pollutants by 
sector in 2000. On a global average, the power and 
industry sectors were the two major anthropo-
genic sources of SO2 emission. These two sectors 
together with biomass burning and on-road 
transportation also contributed greatly to NOx 
emission. Biomass burning, household biofuel, 
on-road transportation, and industry were the 
most important sources of carbonaceous emis-
sions, including CO, BC, OC, and VOCs (Unger 
et al., 2010). It is important to note that the rela-
tive source contribution and absolute source 
contribution to these pollutants vary consider-
ably across different regions of the world, across 
urban areas, and across seasons.

1.2.2 Photochemical oxidants

Photochemical oxidants are secondary 
pollutants that are formed during photochemical 
reactions in the atmosphere. These oxidants have 
short lifetimes but are continuously formed and 
destroyed through chemical reactions, leading 
to pseudo-steady-state concentrations that are 
important for chemical processing and can be 
inhaled. These oxidants include ozone, hydrogen 
peroxide, acids, peroxyacetyl nitrate, and reac-
tive radicals. The reactive radicals, which include 
hydroxyl radical, oxygen radical, hydrogen 
radical, and several other radicals, have very 
short lifetimes and are not commonly measured 
(Finlayson-Pitts & Pitts, 2000a). A large number 
of VOCs, SVOCs, and non-volatile organic 
compounds are also produced in photochemical 
smog, and some are oxidants (see Section 1.2.10). 
Ozone is often used as an indicator for these 
oxidant compounds.

Photochemical oxidants are formed in the 
presence of sunlight from the chemical reactions 
of VOCs and NOx. A more detailed discussion 
of the sources of NOx and VOCs is presented in 
Sections 1.2.6 and 1.2.10, respectively.

Given the nonlinear response of ozone 
production from the reaction of VOCs and NOx, 
the relative source contributions to ozone cannot 
be directly scaled from the relative source contri-
butions to VOCs and NOx. Chemical transport 
models are needed to apportion the incremental 
ozone to sources (Cohan et al., 2005).

1.2.3 Particulate matter

The size of atmospheric particles can be 
related to their sources, due to the physical 
processes that form atmospheric particles and 
the atmospheric processes that control the fate 
and evolution of particle size distributions in the 
atmosphere.

Coarse PM (particles with aerodynamic 
diameters between 2.5 μm and 10 μm) is gener-
ated largely by physical processes, including 
resuspension of soil and road dust, sea spray, 
agricultural tilling, vehicular abrasion (i.e. tyre 
and brake wear), and fugitive dust emission from 
industrial sources.

Accumulation mode particles (particles with 
diameters between 0.2 μm and 2.5 μm) comprise 
predominantly the condensation of secondary 
inorganic and organic compounds and coag-
ulated nuclei mode particles (particles with 
diameters <  0.2  μm). These particles comprise 
predominantly secondary sulfate and bisulfate 
ion, secondary nitrate ion, secondary ammo-
nium ion, and carbonaceous PM from primary 
and secondary sources, but also include some 
crustal materials due to the fact that accumu-
lation mode particles include supermicrometre 
particles.

Nuclei mode particles originate predomi-
nantly from combustion sources and atmos-
pheric nucleation. They have relatively short 
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atmospheric lifetimes before they either grow to 
become accumulation particles or coagulate to 
form accumulation particles. Nuclei mode parti-
cles tend to be enriched in carbonaceous aerosols 
and metals from the combustion of heavy oil and 
fuel as well as emissions from the high-tempera-
ture processing of metals.

Coarse PM comprises predominantly inor-
ganic crustal materials, abrasion particles from 
mobile sources and industrial sources, and sea 
spray.

It should be noted that PM2.5 includes nuclei 
mode particles and accumulation mode particles 
and PM10 includes nuclei mode particles, accu-
mulation mode particles, and coarse particles 
(Watson, 2002).

Source apportionment efforts for PM have 
typically been directed at source apportionment 
of particle mass; however, there are some studies 
that have been used to apportion the sources of 
components of PM (Querol et al., 2007; Heo et al., 
2013).

Zhang et al. (2007) analysed the bulk compo-
sition of fine PM at more than 30 sites in the 
Northern Hemisphere, including urban, rural, 
and remote locations. They found that organic 
compounds accounted for 18–70% of the PM 
mass, sulfate ion accounted for 10–67%, nitrate 
ion accounted for a few percent to 28%, and 
ammonium ion accounted for 7–19% of the PM 
mass. EC and crustal materials are also important 
contributors to fine PM in the context of human 
exposure and health. Crustal material typically 
contributes 5–20% to PM2.5 in most locations in 
Europe and the USA (Chow & Watson 2002; Belis 
et al., 2013), and EC usually contributes about 
5–10% of the fine PM mass. Although PM2.5 
levels in China are much higher than those in 
cities in North America and Europe, the relative 
composition in megacities in China is similar 
(Chan & Yao, 2008; Cao et al., 2012). In addition, 
sea spray and road salt (used in cold climates to 
melt snow and ice on roadways) can account for 
up to 5–10% of fine PM mass (Chow & Watson 
2002; Belis et al., 2013).

Table 1.3 Global anthropogenic emissions inventory of air pollutants by sector in 2000

Sector NOx
b COa NMVOCsa SO2

a BCc OCc CH4
a NH3

b N2Oa CO2
a

Industry 6.0 51 33.6 63.2 769 2559 2.7 0.2 0.7 8414
Power 7.8 12 33.3 57.7 22 18 93.9 0.1 0.1 9127
Household fossil fuel 0.9 27 1.2 8.1 453 486 1.7 2.2 0.02 3390
Household biofuel 2.2 237 27.3 3.1 1471 7823 13.8 0 0.2 495
On-road transportation 8.7 186 33.8 3.7 1235 1630 0.9 0 0.1 4276
Off-road (land) transportation 1.8 13 4.6 2.0 588 292 0.008 0 0.003 390
Shipping 2.9 0.1 0.02 7.3 97 136 0.028 0 0.003 428
Aviation 0.7 0 0 0.2 11 0 0.006 0 0.020 654
Agricultural waste burning 0.2 16 2.0 0.2 371 2266 0.8 1.4 0.020 0
Waste/landfill 0.04 4 2.7 0.05 0 0 58.2 2.7 0.3 0
Biomass burning 10.2 507 31.3 2.7 3500 37 200 21.2 1.8 0.9 2740
Animals 0 0 0 0 0 0 88.5 21.1 3.2 0
Agriculture 0 0 0 0 0 0 39.4 12.6 6.6 0
BC, black carbon; CH4, methane; CO, carbon monoxide; CO2, carbon dioxide; N2O, nitrous oxide; NH3, ammonia; NMVOCs, non-methane 
volatile organic compounds; NOx, nitrogen oxides; OC, organic carbon; SO2, sulfur dioxide.
a  Expressed in teragram (Tg) full molecular mass/year
b  Expressed in teragram (Tg) nitrogen/year
c  Expressed in gigagram (Gg) full molecular mass/year
Adapted from Unger et al. (2010). Attribution of climate forcing to economic sectors. Proc Natl Acad Sci U S A, 107(8):3382–7. doi: 10.1073/
pnas.0906548107 PMID:20133724, with permission from PNAS.

http://dx.doi.org/10.1073/pnas.0906548107
http://dx.doi.org/10.1073/pnas.0906548107
http://www.ncbi.nlm.nih.gov/pubmed/%3Fterm%3D20133724
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Sulfate ion in fine and ultrafine PM is 
predominantly from the oxidation of SO2, which 
is largely from the combustion without emission 
controls of sulfur-containing fossil fuels. More 
information on the sources of SO2 is provided in 
Section 1.2.4.

The contribution of nitrate ion and ammo-
nium ion to fine PM is influenced by the fact 
that the two major forms of nitrate ion – nitric 
acid and ammonium nitrate – are semivolatile 
compounds, which can exist in both the gas 
phase and the particle phase. Atmospheric chem-
istry, temperature, and humidity control the rate 
of NOx conversion to nitric acid. Further details 
are given in Section 1.2.6

The sources of carbonaceous fine PM have 
been a large area of research over the past decade, 
and the tools to understand the contribution of 
primary sources of carbonaceous PM and the 
split between primary and secondary organic 
aerosols are quite advanced and show reasonably 
good agreement (Docherty et al., 2008; Snyder 
et al., 2009a; Zhang et al., 2009a; Heo et al., 2013). 
In contrast, it is still difficult to quantify the 
specific sources of secondary organic aerosols 
at this time. The primary sources of fine particle 
organic aerosols are dominated by combustion 
sources, including gasoline-powered engines, 
diesel-powered engines, coal and residual oil 
combustion, biomass burning, and food cooking 
operations (Schauer et al., 1996; Bond et al., 2004). 
As previously noted, the distribution of sources 
and their fuels, operations, and degree of emis-
sion controls can have a very large impact on 
their relative contributions to primary organic 
aerosols, which can be dominated by mobile 
sources in cities such as Los Angeles (USA), Tel 
Aviv (Israel), Amman (Jordan), and Mexico City 
(Mexico) (Stone et al., 2008; von Schneidemesser 
et al., 2010; Heo et al., 2013), by biomass burning 
in locations such as Kathmandu (Nepal) and 
rural North Carolina (USA) (Sheesley et al., 

2007; Stone et al., 2010), or by multiple combus-
tion sources in locations such as Beijing (China) 
(Zheng et al., 2005).

EC emissions are mainly in the submicro-
metre range, and the contribution of EC to 
atmospheric PM is largely in the PM2.5 fraction. 
EC is mainly from pyrolysis during combustion 
from sources including coal combustion, fuel 
oil combustion, diesel engines, poorly operating 
gasoline engines, and biomass burning. As PM 
controls are being placed on most stationary 
power generation sources, as well as diesel 
engines, in Europe, the USA, and Canada, the 
concentrations of EC in these locations continue 
to decrease. In regions of the world where diesel 
engine emissions are not being controlled and 
there are large primary emissions from residual 
fuel and solid fuel combustion, these sources 
dominate contributions to EC.

Source contributions to PM10 can be repre-
sented as the sum of source contributions to fine 
PM plus source contributions to coarse PM. In 
the Los Angeles Basin (USA), coarse PM was 
found to have average contributions of about 
50% from crustal material, 20% from secondary 
inorganic ions, 20% from OC, and 10% from 
sea spray (Cheung et al., 2011). Similar results 
were observed in the United Kingdom (Yin & 
Harrison, 2008). In locations affected by dust 
storms, the dust contributions to coarse PM and 
fine PM can be significantly larger in terms of 
concentrations and relative contribution.

Emissions inventory data can provide an 
assessment of sources of primary emissions of 
PM on a global or local scale (Bond et al., 2004; 
Corbett et al., 2007).

1.2.4 Sulfur dioxide

Natural sources of SO2 include the atmos-
pheric oxidation of sulfur compounds emitted 
from microbial activity in the ocean and from 
the anaerobic degradation of organic material in 
terrestrial environments. In some locations, such 
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as Mexico City and parts of Japan, SO2 emissions 
from volcanoes also affect urban areas and SO2 
exposures (de Foy et al., 2009; Kitayama et al., 
2010).

However, in most locations in the world 
that are influenced by anthropogenic emissions, 
SO2 emissions from natural sources are usually 
much lower than anthropogenic emissions. SO2 
in urban and industrialized areas is largely from 
the combustion without emission controls of 
sulfur-containing fuels and from uncontrolled 
metal processing facilities that roast sulfide ores 
to make metal oxides. Emissions inventories can 
provide a good understanding of the sources of 
SO2, given the ability to accurately estimate sulfur 
contents of fuels (Bhanarkar et al., 2005; Smith 
et al., 2011; Ozkurt et al., 2013). Many countries 
have adopted regulations and technologies to 
reduce sulfur levels in gasoline and diesel fuels; 
however, there are still a large number of coun-
tries around the world that do not have good 
controls for SO2 emissions and have not reduced 
sulfur levels in mobile-source fuels. Historically, 
there have been petroleum refining and coal 
liquefaction facilities that have removed sulfur 
during fuel processing and emitted it as SO2 
directly to the atmosphere. It is unclear whether 
such facilities are still operating, but they may 
be important sources in some local areas where 
adequate emission controls do not exist.

In addition, in some regions where coal is 
burned for residential heating and cooking, very 
high exposure to SO2 can occur.

1.2.5 Carbon monoxide

The formation of CO is largely due to poor 
mixing of combustion air and combustion fuel, 
resulting in incomplete combustion. The domi-
nant sources of outdoor concentrations of CO in 
urban areas are on-road transportation (gaso-
line- or diesel-powered engines) (IARC, 2013a), 
off-road engines, and biomass burning activity.

The use of catalytic convertors to convert 
emissions of CO to CO2 for on-road gaso-
line-powered engines decreases CO emissions.

In rural areas and locations where biomass 
fuels are commonly used for residential cooking 
and heating, outdoor concentrations of CO are 
typically dominated by these biomass burning 
activities. Likewise, forest fires and controlled 
burns of vegetation can also be very large sources 
of CO.

Several global assessments of CO can be used 
to understand the regional distribution of CO 
sources using emissions inventory and chemical 
transport models (Holloway et al., 2000). On 
an urban scale, inverse models can be used to 
understand the local contributions of sources to 
CO (Bergamaschi et al., 2000).

1.2.6 Nitrogen oxides

Globally, the sources of NOx are dominated 
by fossil fuel combustion, microbial activity in 
soils, and biomass burning, with smaller contri-
butions from lightning and stratospheric oxida-
tion of nitrous oxide (N2O).

In urban areas, fossil fuel combustion is often 
the dominant source and includes stationary 
power generation, diesel-powered engines, and 
gasoline-powered engines. There has been some 
concern that diesel aftertreatment technologies 
aimed at reducing PM emissions will shift the 
distribution of NOx emissions towards NO2, 
which will lead to higher NO2 exposures near 
roadways (Grice et al., 2009).

In rural areas where residential combustion 
of solid fuels is common, the residential combus-
tion of solid fuels and microbial activity in soils 
are typically the dominant sources of NOx.

Ammonia is a primary pollutant and on 
national scales is emitted largely as a result of 
agricultural practices, including direct emis-
sions from livestock waste, emissions from 
spreading of manure, and emissions from the 
use of synthetic fertilizers (Battye et al., 2003). In 
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urban areas, ammonia emissions are dominated 
by mobile-source emissions (Battye et al., 2003), 
which result from three-way catalytic converters 
over-reducing NOx to ammonia (Fraser & Cass, 
1998).

As part of the photochemical cycle, NO reacts 
with ozone to form NO2, and NO2 undergoes 
photolysis in the presence of sunlight to form 
NO. This photochemical cycle is a key compo-
nent of ozone formation and the production of 
photochemical oxidants.

Chemical transport models that use emis-
sions inventories have been very successful at 
modelling both near-roadway (Karner et al., 
2010) and continental-scale NOx concentrations 
(Stedman et al., 1997; Martin et al., 2003). Such 
models are an effective means of quantifying 
the sources of NOx on different time scales for 
current and future scenarios.

1.2.7 Lead and other toxic metals

Non-volatile metals are components of 
atmospheric PM and can greatly influence its 
biological activity. Industrial sources can be 
very large sources of metals that can be found 
in atmospheric PM even though the metals are 
not major contributors to particle mass (Schauer 
et al., 2006; Snyder et al., 2009b). In the absence 
of industrial sources, roadway emissions and 
stationary power generation are typically the 
largest source of many toxic metals in the urban 
atmosphere. The braking systems of motor vehi-
cles and underground public transportation emit 
metals that are potentially of concern for human 
exposure, including iron, copper, chromium, 
strontium, manganese, and antimony (Schauer 
et al., 2006; Kam et al., 2013). Stationary power 
generation that does not have suitable particle 
controls can have substantial impacts on metal 
concentrations and exposures. In locations 
where residual oils are used for heating and 
emission controls do not exist, very high concen-
tration of nickel and vanadium can be found in 

atmospheric PM (Peltier et al., 2009). Likewise, 
coal fly ash can contain relatively high levels of 
arsenic, copper, chromium, zinc, antimony, sele-
nium, and cadmium (Ratafia-Brown, 1994), and 
if the fly ash is not controlled with aftertreatment 
technologies, then emissions will contribute to 
an increased presence of toxic metals in the PM 
downwind of the facility. In developing countries, 
the uncontrolled emissions from brick kilns, 
waste incineration, and cement plants are impor-
tant sources of metals to communities close to 
these facilities (Christian et al., 2010; Tian et al., 
2012). There are very few comprehensive studies 
of the emissions inventory of fine particulate 
metals; Reff et al. (2009) provided an assessment 
of the spatially resolved emissions inventory for 
10 metals classified as air toxics by the United 
States Environmental Protection Agency (US 
EPA) from 84 source categories.

1.2.8 Volatile metals, including mercury

Atmospheric mercury concentrations are 
largely dominated by gaseous elemental mercury 
(GEM), reactive gaseous mercury (RGM), and 
particulate mercury (Hg-P). RGM and Hg-P 
are formed in the atmosphere from the oxida-
tion of GEM. Global anthropogenic emissions 
of mercury have been assessed by Pacyna et al. 
(2010). Globally, in 2005, burning of fossil fuel 
(mostly coal) was the largest single source of 
GEM emissions, accounting for about 45% of the 
anthropogenic emissions; artisanal/small-scale 
gold mining was responsible for about 18%, and 
industrial gold production accounted for 5–6%. 
Other mining and metal production activities 
and cement production were each responsible 
for about 10% of global anthropogenic releases 
to the atmosphere. The proportion of emissions 
from waste incineration and product-use sources 
is more difficult to estimate (Pacyna et al., 2010).

GEM is a global pollutant that has an atmos-
pheric lifetime in the range of months to years. 
In most urban and rural outdoor locations, GEM 
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levels are typically in the range of 2–10  ng/m3, 
and the concentrations of RGM and Hg-P are 
typically in the range of tens to hundreds of picto-
grams per cubic metre. Local sources of GEM, 
including anthropogenic sources and re-emis-
sions from terrestrial and aquatic surfaces, can 
increase local concentrations to 5–10 ng/m3, or 
hundreds of nanograms per cubic metre near 
large mercury sources (Manolopoulos et al., 
2007).

In addition to mercury, other volatile metals 
have been measured in the atmosphere, including 
alkyl-lead compounds (Wang et al., 1997), arsines 
and methyl arsines (Mestrot et al., 2009), and 
selenium compounds (Zhang et al., 2002).

1.2.9 Polycyclic aromatic hydrocarbons

Poor combustion conditions can lead to high 
emissions of PAHs and are often associated with 
liquid and solid fuel combustion. Benzo[a]pyrene 
(B[a]P) is a specific PAH formed mainly from the 
burning of organic material, such as wood, and 
from car exhaust fumes, especially from diesel 
vehicles. B[a]P pollution is predominantly a 
problem in countries where domestic coal and 
wood burning is common (EEA, 2013).

In 2007, it was estimated that the global 
total atmospheric emission of 16 PAHs came 
from residential/commercial biomass burning 
(60.5%), open-field biomass burning (agricul-
tural waste burning, deforestation, and wildfire) 
(13.6%), and petroleum consumption by on-road 
motor vehicles (12.8%) (Shen et al., 2013).

1.2.10 Other organic compounds, including 
VOCs, SVOCs, and particulate organic 
matter

Thousands of organic compounds can be 
found in the atmosphere. They are components 
of fossil fuel, partially combusted components of 
fossil fuel, and pyrolysis products of fossil fuel; 
industrial chemical, food cooking, and biomass 

burning emissions; biogenic compounds emitted 
from plants; and organic compounds formed 
in the atmosphere (EEA, 2013; Oderbolz et al., 
2013). These compounds include VOCs, non-vol-
atile organic compounds that are present in 
atmospheric PM, and SVOCs that are present in 
both the gas phase and the particle phase. Many 
known or suspected carcinogens (Table  1.2) 
come from combustion sources; they include 
benzene, 1,3-butadiene, formaldehyde, acetal-
dehyde, acrolein, and naphthalene (EPA, 2006). 
Industrial facilities and consumer products 
are also important sources of aromatic VOCs, 
oxygenated VOCs, and halogenated VOCs. These 
chemicals include benzene, toluene, xylenes, 
ethylbenzene, methyl ethyl ketone, acetophe-
none, and trichloroethylene. In addition, some 
VOCs of potential concern are also formed in 
the atmosphere from photochemical reactions; 
these include formaldehyde, acetaldehyde, and 
nitrobenzene. There is also a group of persis-
tent organic pollutants (POPs), which include 
many SVOCs such as polychlorinated biphenyls, 
polybrominated biphenyls, furans, and dioxins, 
and several pesticides and insecticides that can 
be directly emitted from air pollution sources 
or re-emitted from previous contamination 
through volatilization or resuspension of soil 
material (EPA, 2006; EEA, 2013).

The three major sources of VOCs in Asia 
are stationary combustion, solvent and paint 
use, and transportation; the proportion of each 
of these sources varies between 25% and 50%, 
depending on the region (Kurokawa et al., 2013). 
In Europe, solvent and product use was reported 
to contribute to about half of the total VOC 
emissions; the contributions of three other major 
sources of VOCs – commercial, institutional, and 
household energy use; road transportation; and 
energy production – were 10–20% each (EEA, 
2013). In the USA, the relative source contribu-
tion reported in 2008 by the US EPA was 50% for 
transportation and 20% each for solvent use and 
industrial processes (EPA, 2013d).



IARC MONOGRAPHS – 109

50

In recent years, significant progress in the 
development of emissions inventories has been 
made, including the current and future emis-
sions of dioxins (Quass et al., 2004). To assess 
the sources of organic compounds that both are 
formed in the atmosphere and react in the atmos-
phere, such as formaldehyde, chemical transport 
models are needed (Zheng et al., 2005). Several 
integrated assessments of emissions inventories 
of toxic organic compounds have been conducted 
and are used to provide an integrated risk from 
these sources by source and receptor (George 
et al., 2011; Luo & Hendryx, 2011).

1.2.11 Mineral dust and fibres

Resuspended dust from roadways, agricul-
tural lands, industrial sources, construction 
sites, and deserts is a major source of PM in 
many regions of the world. Roadway dust also 
contains metals associated with motor vehicles 
(Schauer et al., 2006). Agricultural soils often 
contain metals that accumulate from fertilizer 
and animal waste, and the content of dusts from 
industrial sources and construction sites will 
depend on the specific process activities occur-
ring at those facilities.

Although fibres, such as asbestos, are not 
commonly measured in the outdoor atmosphere, 
they can be part of the atmospheric pollution 
mixture. The use of asbestos has been restricted 
or banned in many countries. However, outdoor 
air pollution with asbestos may still arise in some 
areas from releases from asbestos-containing 
building materials, asbestos brakes used on vehi-
cles, and asbestos mining activity (IARC, 2012a).

1.2.12 Bioaerosols

Bioaerosols are part of the atmospheric PM. 
The term “bioaerosol” refers to airborne biolog-
ical particles, such as bacterial cells, fungal 
spores, viruses, and pollens, and their products, 
such as endotoxins (Stetzenbach et al., 2004). 

A wide range of these biological materials have 
been measured in the outdoor atmosphere, 
including moulds, spores, endotoxins, viruses, 
bacteria, proteins, and DNA (Yeo & Kim, 2002). 
Knowledge about the dynamics and sources of 
airborne microbial populations is still scanty. 
Bioaerosols are believed to be ubiquitous, and 
studies demonstrate the long-range transport of 
microorganisms and biological particles in the 
atmosphere (Gandolfi et al., 2013). Bioaerosols 
may derive from many sources, for example 
plants, suspension of soils containing biological 
materials, cooking, and burning of biological 
materials.

1.3 Outdoor air pollution 
measurement methods

Measurements of gaseous and particle air 
pollutants have been used for exposure assess-
ment and epidemiological studies. Methods 
include passive sampling (e.g. diffusion-based 
methods on an absorbent) and active sampling 
with pumps. Most methods for regulated gas 
pollutants (e.g. CO, NO2, ozone, and SO2) use 
in situ continuous monitors for hourly averaged 
concentrations. Airborne particles are sampled 
mostly using integrated sampling systems over 
a 24-hour period with defined inlets, sampler 
surfaces, filter substrates/holders, pumps, and 
flow controllers. Filter substrates are used to 
measure mass concentration by gravimetry. 
These substrates can be further analysed for their 
major components to explain the measured mass. 
Continuous monitoring for mass by β attenuation 
monitoring, an inertial balance, or particle light 
scattering (as a surrogate for PM mass) have been 
used at many central monitoring sites since the 
early 1980s. Continuous PM component meas-
urements for precursor gases, elements, ions, 
and carbon along with particle number, size, and 
single particle measurement have been available 
since the late 1990s.
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1.3.1 Overview

Table  1.4 (available online at: http://
monographs.iarc.fr/ENG/Monographs/vol109/
Table1.4-online.pdf) summarizes different 
measurement methods by pollutant, including 
relevant references that provide greater detail 
on measurement principles, practicality, meas-
urement standards, detection limits, accuracy, 
precision, interferences, and intercomparability 
for different environments and costs. Table  1.4 
(available online) also identifies opportuni-
ties for quantifying a wide range of pollutants 
beyond those that are currently regulated by 
ambient air quality standards (AAQS) (Chow 
& Watson, 2011; Billionnet et al., 2012; Pachon 
et al., 2012). The major categories in Table  1.4 
(available online) are individual gases, multiple 
gases, PM for mass and chemical components, 
particle number and size, and mercury.

In Table  1.4, (available online) references 
associated with topic headings are more general 
reviews for that category, and more detailed 
treatments are associated with each method. The 
cited references are intended to inform about past 
measurement methods – for example, the British 
Smoke measurement of filter darkening dates 
from the 1920s (Hill, 1936; Brimblecombe, 1987) 
and has been used in retrospective exposure 
studies – as well as newly emerging technolo-
gies. A few critical reviews and textbooks provide 
broad descriptions of gas and particle measure-
ments (Chow, 1995; Landsberger & Creatchman, 
1999; Finlayson-Pitts & Pitts, 2000a; McMurry, 
2000; Cohen & McCammon, 2001; Wilson 
et al., 2002; Clemitshaw, 2004; Fehsenfeld et al., 
2004; Heard, 2006; Chow et al., 2008; Wexler 
& Johnston, 2008; Kulkarni et al., 2011; Chow 
& Watson, 2012), and detailed procedures for 
certain methods have been published by ASTM 
(2013), the US EPA (2013a, 2013b), ISO (2013), 
and the European Union (EU) (CEN, 2013).

1.3.2 Types of air quality monitors

Pollutants for which air quality standards 
have been established in many countries (called 
“criteria pollutants” under the statute defined 
by the US EPA, i.e. CO, NO2, SO2, ozone, PM2.5 
mass, PM10 mass, TSP, and lead) are monitored 
in populated areas to determine compliance with 
the AAQS, and these data can often be down-
loaded for specific study areas and time periods 
(e.g. EPA, 2013c). Gases are recorded continu-
ously as hourly averages, and PM mass concen-
trations may be hourly or 24-hour averages.

Sampling sites are selected to represent 
neighbourhood (~1–5  km) to regional (100–
1000  km) scales (EPA, 1997, 1998; Chow et al., 
2002), although some are also located in near-
road environments (~30–50  m) dominated by 
vehicle exhaust or in industrial fenceline envi-
ronments. Monitoring methods and procedures 
are specified for compliance purposes, and the 
data are used to determine exceedances of the 
AAQS. Compliance data can be used as a first 
estimate of human exposure, but these can be 
supplemented with additional measurements 
in microscale (1–10 m) environments to obtain 
more representative exposure estimates.

Passive sampling is the most cost-effective 
approach for estimating spatial gradients around 
compliance monitors, surveying additional 
pollutants, identifying hotspots, and estimating 
individual exposure. However, passive samplers 
need to be co-located with calibrated gas and 
particle sampling systems at the central moni-
toring site to establish equivalence and compa-
rability. Substrate passive samplers are simple, 
inexpensive, and unobtrusive and require no 
power (Kot-Wasik et al., 2007; Zabiegała et al., 
2010).

Passive samplers can detect long-term aver-
ages to very low levels, depending on the envi-
ronment. Diffusion tube and badge-type passive 
samplers are in most common use, and the 
references in Table 1.4 (available online) identify 

http://monographs.iarc.fr/ENG/Monographs/vol109/Table1.4-online.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/Table1.4-online.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/Table1.4-online.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/Table1.4-online.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/Table1.4-online.pdf
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impregnants suitable for several gaseous pollut-
ants and specific VOCs. A passive PM sampler 
coupled with microscopic analysis is also listed.

In active sampling, an air mover (e.g. pump 
or blower) draws air through a substrate or 
absorbing solution, pumps it into a container, 
or directs it into an in situ sensor. Accurate and 
precise flow rates and sample durations must be 
quantified (Watson et al., 2013).

The largest variety of compounds is obtained 
from laboratory analysis of the substrates or 
container contents, but this is at the expense of 
averaging times and labour to change samples. 
Some of this is compensated for with in situ 
continuous instruments, which collect and 
analyse the sample in the field, but this comes at 
an even higher cost.

The trend is towards microsensors that use 
battery-powered miniature pumps and can be 
placed in microenvironments or carried by an 
exposure subject (Marć et al., 2012; Moon et al., 
2012; Steinle et al., 2013). Miniature samplers are 
in common use for PM and certain gases, and 
the detection limits of optical light scattering/
absorption systems and electrochemical gas 
sensors have been improving.

Particle scattering by nephelometer with a 
PM2.5 inlet and a smart heater to remove mois-
ture under high relative humidity (e.g. > 65%) is 
often used as a surrogate for PM2.5 mass (Chow 
et al., 2006; Watson et al., 2008).

Remote sensing measures the scattering and 
absorption of infrared, visible, and ultraviolet 
radiation at different wavelengths along a sight 
path. Path lengths may range from a few metres, 
used for in-plume monitoring, to thousands of 
kilometres for geostationary satellites (Hidy 
et al., 2009; Hoff & Christopher, 2009). Satellite 
remote sensing estimates for PM, NO2, SO2, and 
some other pollutants often correspond to urban 
and industrial areas, but spatial resolution is 
limited to about 10 km.

1.4 Environmental occurrence and 
human exposure

This section describes concentrations of 
air pollutants measured throughout the world. 
Because measurement approaches and meth-
odologies differ by location, direct comparisons 
between countries of levels measured by ground-
based monitoring should be made with caution. 
Furthermore, there are major differences in the 
overall availability of routine measurement data 
between countries. Although they are not avail-
able for all constituents of interest, satellite-based 
approaches provide estimates in a consistent 
manner for the entire globe and are therefore 
useful to identify spatial patterns (Lee et al., 
2009; Brauer et al., 2012; Lamsal et al., 2013).

For ozone, a global chemical transport model 
simulation of seasonal maximum concentra-
tions is available. The estimated levels of ozone 
are highest in North America, Latin America, 
Europe, and South and East Asia, as well as 
parts of Africa. For these regions, seasonal 
(3-month) hourly maximum ozone concentra-
tions in 2005 were estimated to be greater than 
40 ppb [80 μg/m3], with concentrations in some 
areas in parts of Asia and Africa greater than 
80 ppb [160 μg/m3] (Fig. 1.2). As expected, given 
that ozone is a secondary pollutant, the spatial 
variability of the ozone concentration is less 
pronounced than that of PM2.5, and levels are not 
as systematically higher in the rapidly developing 
countries of Asia (Brauer et al., 2012).

For PM2.5, the concentration in 2005 was esti-
mated to be high (> 50 μg/m3) in South and East 
Asia. Similarly high concentration estimates due 
to airborne mineral dust, rather than combus-
tion emissions, were reported in North Africa, 
central Asia, and Saudi Arabia (Brauer et al., 
2012; Fig. 1.3).

Global variation in NO2 generally follows the 
spatial variation in combustion sources such as 
motor vehicle exhaust. Broad regional patterns 
of higher NO2 concentrations correspond to 
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population density, although absolute levels vary 
considerably according to economic development 
and air quality management programmes. In 
urban areas, lower concentrations are observed 
in cities in India (0.2–12 ppb [0.38–22.9 μg/m3]), 
substantially higher concentrations in cities in 
China (0.3–8 ppb [0.57–15.3 μg/m3]), and levels 
varying across this range for cities in the USA 
and Europe, reflecting differences in per capita 
fuel consumption. Globally, NO2 concentrations 
increase in proportion to population raised to 
an exponent that varies by region (Lamsal et al., 
2013).

Elevated SO2 levels are observed over urban 
and industrial areas, especially in eastern China. 
Specific plumes related to volcanic activity are 
also evident in the satellite-based estimates. For 
example, the SO2 plume from the Nyamuragira 

eruption in the Democratic Republic of the 
Congo can extend to South Asia (Lee et al., 2009).

High levels of formaldehyde are found in 
tropical regions in Africa and South America, 
where biogenic and biomass burning sources are 
important. High levels are also found in South-
East Asia, resulting from biomass burning and 
anthropogenic sources. Seasonal variations in 
formaldehyde levels reflect increased biogenic 
and biomass burning emissions during summer 
in deciduous forests (mid-latitudes) and during 
the dry season in tropical forests (Amazon and 
Africa) (De Smedt et al., 2012).

Fig. 1.2 Estimated seasonal (3-month) hourly maximum ozone concentrations (ppb) from a global 
chemical transport model (TM5) for 2005

Ozone concentrations in μg/m3 = 2 × ozone concentrations in ppb.
Reprinted from Brauer et al. (2012). Exposure assessment for estimation of the global burden of disease attributable to outdoor air pollution. 
Environ Sci Technol, 46:652–660, with permission from the American Chemical Society. Copyright 2012, American Chemical Society.
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1.4.1 Outdoor pollutant concentrations

(a) North America (USA, Canada, and Mexico)

Measurements of air pollutant concentra-
tions in North America at the country level are 
summarized in detail in this section. Differences 
in network composition, sampling and analysis 
methods, and available summary information 
hamper direct comparisons between countries. 
However, several global databases are avail-
able for a limited number of pollutants, which 
allow direct comparisons. The Global Burden of 
Disease Study 2010 provided estimates of PM2.5 
and ozone globally at about 10  ×  10  km reso-
lution, combining estimates from a chemical 
transport model, an approach using satellite 
retrievals of aerosol optical depth and a chemical 
transport model, and available measurements 
(Brauer et al., 2012). For 2005, the popula-
tion-weighted annual mean PM2.5 concentration 

in North America was estimated as 13  μg/m3, 
and the population-weighted seasonal 3-month 
hourly maximum ozone concentration was 
57 ppb. Fig 1.2 and Fig. 1.3 present the estimated 
concentrations.

(i) USA
The US EPA collates a comprehensive data-

base of outdoor air pollutant measurements 
conducted at about 3000 locations by state and 
local air quality monitoring agencies following 
Federal Reference Methods for the criteria air 
pollutants (ozone, NOx/NO2, SO2, PM2.5/PM10, 
CO, and lead). This network (EPA, 2011a) was 
initiated in 1978, although monitoring approaches 
and specific pollutants that have been included 
have changed over time. At a subset of about 250 
of these sites, several air toxics such as VOCs, 
metals in PM10, and mercury are monitored (EPA, 
2012a). This network is complemented by about 

Fig. 1.3 Estimated 2005 annual average PM2.5 concentrations (μg/m3) 

The PM2.5 estimates are generated from the grid cell average of satellite-based estimates and chemical transport model (TM5) simulations that 
are calibrated with a prediction model incorporating surface measurements.
PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm.
Reprinted from Brauer et al. (2012). Exposure assessment for estimation of the global burden of disease attributable to outdoor air pollution. 
Environ Sci Technol, 46:652–660, with permission from the American Chemical Society. Copyright 2012, American Chemical Society.
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180 chemical speciation network monitoring sites 
(EPA, 2013e), where specific components of PM2.5 
are measured. Several smaller routine moni-
toring networks are also operated with specific 
objectives, for example the IMPROVE network 
to assess the impacts of air pollution on visibility 
in protected environments (IMPROVE, 2012). In 
addition, the National Air Toxics Trends Station 
(NATTS) Network (EPA, 2012b) provides long-
term monitoring data for air toxics at 27 sites (20 
urban, 7 rural) across the country.

Regular status and trends reports provide 
information on concentrations of criteria and 
toxic air pollutants (EPA, 2012c). Summary infor-
mation for 2010 is presented in Fig. 1.4, Fig. 1.5, 
Fig. 1.6, Fig. 1.7, and Fig. 1.8 and shows substan-
tial variability in outdoor pollutant concentra-
tions across the USA. The highest concentrations 
of ozone were observed in California as well as 
the Ohio River valley, the New England states, 
Texas, and several south-eastern states. Ozone 
levels are more heterogeneous over space, with 
most sites reporting levels below the National 
Ambient Air Quality Standards (NAAQS) of 

75 ppb (annual fourth-highest daily maximum 
8-hour concentration) (Fig. 1.4). Concentrations 
(annual average) of PM2.5 were highest in 
California, Indiana, Pennsylvania, and Hawaii. 
Current levels of PM2.5 (annual average) are below 
15 µg/m3 at all but 6 (of > 700) reporting moni-
toring sites (Fig.  1.5). During winter periods, 
high concentrations of PM2.5 were measured in 
regions where wood burning is prevalent, such as 
the Pacific Northwest and Alaska (EPA, 2012c). 
High PM10 concentrations were observed in 
California as well as Utah, Colorado, and New 
Mexico, especially in arid regions or indus-
trial areas with multiple coarse particle sources 
(Fig.  1.6). NO2 concentrations generally corre-
spond to population density, with the highest 
concentrations observed in California, the 
Midwest, and the East Coast (Fig. 1.7). Annual 
average NO2 levels have a range of 1–28 ppb, with 
a mean across 142 Metropolitan Statistical Areas 
of 10 ppb, well below the NAAQS of 53 ppb. To 
further describe spatial patterns at high resolu-
tion (30 m), Novotny et al. (2011) used a combi-
nation of satellite-based estimates and land-use 

Fig. 1.4 Annual fourth-highest daily maximum 
8-hour ozone concentrations in 2010 in the 
USA (applicable NAAQS is 0.075 ppm) 

NAAQS, National Ambient Air Quality Standards.
Reprinted from EPA (2012c). Air quality monitoring information. 
Available from: http://www.epa.gov/airtrends/factbook.html.

Fig. 1.5 Annual average (98th percentile of 24-
hour concentrations) PM2.5 concentrations in 
2010 in the USA

PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm.
Reprinted from EPA (2012c). Air quality monitoring information. 
Available from: http://www.epa.gov/airtrends/factbook.html.

http://www.epa.gov/airtrends/factbook.html
http://www.epa.gov/airtrends/factbook.html
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characteristics to model NO2 across the USA. 
Using this approach, a population-weighted 
mean annual average concentration of 10.7 ppb 
was estimated. SO2 concentrations are highest 
in the Upper Midwest and portions of the 
Northeast, where coal-fired power generation 
and industrial sources are common (Fig. 1.8). The 
1-hour maximum SO2 levels ranged from 0.1 ppb 
to 10.5 ppb, with a mean across 178 Metropolitan 
Statistical Areas of 2.4 ppb, well below the annual 
mean NAAQS of 30  ppb. Lead concentrations 
are much higher near stationary sources such as 
metals processing, battery manufacturing, and 
mining (~8 times the concentrations at sites not 
located near stationary sources) (Fig. 1.9). Levels 
of airborne lead (maximum 3-month average) 
are mostly below 0.07 µg/m3 (about half the level 
of the current NAAQS of 0.15 µg/m3), but levels 
as high as 1.4  µg/m3 have been measured at a 
subset of sites (EPA, 2012c).

For all of the criteria pollutants, concentra-
tions have decreased over the past 10 years, after 
even larger decreases in earlier periods. PM2.5 and 

PM10 concentrations show steady reductions that 
coincide with emissions reduction programmes 
(EPA, 2012c). Nationally, between 2001 and 2010, 
24-hour PM2.5 and PM10 concentrations declined 
by 28% and 29%, respectively.

The US EPA operates several networks (the 
Urban Air Toxics Monitoring Program [UATMP], 
the National Air Toxics Trends Station [NATTS] 
Network, and the Community-Scale Air Toxics 
Ambient Monitoring [CSATAM] Program) that 
collect information on outdoor concentrations of 
HAPs. The 2010 report includes data from samples 
collected at 52 monitoring sites that collected 
24-hour air samples, typically on a 1-in-6 day or 
1-in-12 day schedule. Of these, 24 sites sampled 
for 61 VOCs, 30 sites sampled for 14 carbonyl 
compounds, 26 sites sampled for 22 PAHs, 14 sites 
sampled for 11 metals, and 23 sites sampled for 
hexavalent chromium (EPA, 2012d). The report 
provides detailed summary (and individual 
site) statistics on all of the measured pollutants, 
and a risk-based screening approach is applied 
to identify pollutants of highest priority based 

Fig. 1.6 Annual average (2nd highest maximum 
of 24-hour concentrations) PM10 concentrations 
in 2010 in the USA

PM10, particulate matter with particles of aerodynamic diameter 
< 10 μm.
Reprinted from EPA (2012c). Air quality monitoring information. 
Available from: http://www.epa.gov/airtrends/factbook.html.

Fig. 1.7 NO2 (98th percentile of 1-hour daily 
maximum) concentrations in 2010 in the USA

NO2, nitrogen dioxide.
Reprinted from EPA (2012c). Air quality monitoring information. 
Available from: http://www.epa.gov/airtrends/factbook.html.

http://www.epa.gov/airtrends/factbook.html
http://www.epa.gov/airtrends/factbook.html
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on the proportion of measurements exceeding 
risk-based screening levels. These “pollutants of 
interest” and 2010 summary concentrations are 
presented in Table 1.5. Information on trends is 
provided for individual sites, most of which indi-
cate small decreases over the past about 8 years 
of monitoring, but data are not systematically 
analysed for temporal trends at the national level 
(EPA, 2012d).

The US EPA also produces the National-Scale 
Air Toxics Assessment (NATA) as a screening risk 
assessment tool that is used to identify pollutants 
and locations of specific concern in relation to 
potential cancer risk from air pollution and to 
assess trends. The most recent NATA, for 2005, 
was published in 2011 (EPA, 2012e) and includes 
information on 177 HAPs identified in the Clean 
Air Act as well as diesel PM.

In addition to government reporting, several 
research projects have reported outdoor concen-
trations of HAPs at the national scale. The Health 
Effects Institute (HEI) summarized outdoor 
concentrations of seven priority mobile-source 
air toxics (acetaldehyde, acrolein, benzene, 
1,3-butadiene, formaldehyde, naphthalene, 

and polycyclic organic matter) because it was 
determined that mobile sources were a sizeable 
source of human exposure and existing data 
suggested potential for adverse health effects 
at outdoor concentrations. The report provides 
summaries of outdoor concentrations for each of 
these pollutants, except naphthalene (for which 
outdoor concentrations are reported as being 
< 1 µg/m3) (HEI, 2007).

(ii) Canada
In Canada, the National Air Pollution 

Surveillance (NAPS) network was initiated in 
1969 and currently includes about 300 sites in 
more than 200 communities located in every 
province and territory of the country. Monitoring 
is focused on SO2, NO2, ozone, CO, PM10, and 
PM2.5, and a suite of 50 elements (including 
metals such as arsenic, lead, and mercury), 14 
inorganic and organic anions, and 11 inorganic 
cations are measured in PM samples. Additional 
measurements of trace contaminants, including 
VOCs, PAHs, polychlorinated biphenyls (PCBs), 
and dioxins, are made at a subset of about 40 
locations. Results are summarized in a series 

Fig. 1.8 SO2 (99th percentile of daily 1-hour 
maximum) concentrations in 2010 in the USA

SO2, sulfur dioxide.
Reprinted from EPA (2012c). Air quality monitoring information. 
Available from: http://www.epa.gov/airtrends/factbook.html.

Fig. 1.9 Lead (maximum 3-month average) 
concentrations in 2010 in the USA

Reprinted from EPA (2012c). Air quality monitoring information. 
Available from: http://www.epa.gov/airtrends/factbook.html.

http://www.epa.gov/airtrends/factbook.html
http://www.epa.gov/airtrends/factbook.html
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Table 1.5 Summary concentrations of air toxics “pollutants of interest” in the USA for 2010

Compound Mean SD Median 25th percentile 75th percentile

PAHsa

Acenaphthene 3.98 7.69 2.04 0.983 4.30
Benzo[a]pyrene 0.131 1.32 0.02 0 0.1
Fluorene 4.82 8.09 2.91 1.75 5.39
Naphthalene 95.3 117 66.4 36.6 117
Metalsb

Arsenic (PM10) 0.558 0.535 0.415 0.240 0.700
Beryllium (PM10) 0.003 0.005 0.002 0.0003 0.004
Cadmium (PM10) 0.164 0.238 0.084 0.050 0.176
Lead (PM10) 3.67 4.95 2.32 1.45 3.74
Manganese (PM10) 6.82 11.6 4.03 2.15 7.97
Nickel (PM10) 1.06 0.915 0.845 0.594 1.22
Hexavalent chromium 0.037 0.129 0.018 0 0.032
Carbonylsc

Acetaldehyde 1.06 0.718 0.893 0.597 1.29
Formaldehyde 2.01 1.80 1.66 1.09 2.47
VOCsd

Acrylonitrile 0.017 0.084 0 0 0
Benzene 0.311 0.223 0.245 0.173 0.373
1,3-Butadiene 0.038 0.044 0.026 0.012 0.048
Carbon tetrachloride 0.567 1.38 0.037 0.013 0.272
Chloroform 0.038 0.119 0.020 0.014 0.031
p-Dichlorobenzene 0.019 0.105 0.007 0 0.019
1,2-Dichloroethane 0.003 0.008 0 0 0
Ethylbenzene 0.082 0.216 0.053 0.03 0.1
Tetrachloroethylene 0.025 0.029 0.016 0.008 0.03
Trichloroethylene 0.011 0.073 0 0 0
Vinyl chloride 0.0004 0.002 0 0 0
PAHs, polycyclic aromatic hydrocarbons; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; SD, standard deviation; 
VOCs, volatile organic compounds.
a  PAHs: unit is ng/m3.
b  Metals: unit is ng/m3.
c  Carbonyls: unit is ppbv.
d  VOCs: unit is ppbv.
Data extracted from the 2010 National Monitoring Programs Annual Report (EPA, 2012d) of the US EPA monitoring networks, which collect 
information on outdoor concentrations of hazardous air pollutants (Urban Air Toxics Monitoring Program [UATMP], National Air Toxics 
Trends Station [NATTS] Network, and Community-Scale Air Toxics Ambient Monitoring [CSATAM] Program).
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of annual and summary reports (Environment 
Canada, 2010). Concentrations of major air 
pollutants have declined dramatically over the 
past about 40 years of measurement, as seen in 
Fig. 1.10, Fig. 1.11, Fig. 1.12, and Fig. 1.13.

In addition, the Canadian Air and 
Precipitation Monitoring Network operates 29 
locations where PM2.5 speciation is measured. 
Hystad et al. (2011) used a combination of satel-
lite-based estimates and land-use characteristics 
to model the concentrations of PM2.5 and NO2 
across Canada. National models for benzene, 
ethylbenzene, and 1,3-butadiene were also devel-
oped based on land use and source proximity 
characteristics (Hystad et al., 2011).

Setton et al. (2013) used data from the NAPS 
network (for 2006) and measurements reported 
in the literature or government reports since 
2000 along with deterministic concentration 
gradients based on proximity to major roads and 
industrial sources to estimate exposure to several 
IARC Group 1 carcinogens in outdoor air in 
Canada. Table 1.6 presents estimated exposures 
to selected IARC Group 1, Group 2A, and Group 
2B carcinogens in outdoor air in Canada for 
2010, based on data from the CAREX database 
(CAREX Canada, 2013).

(iii) Mexico
The National Information System for Air 

Quality (SINAICA) operates about 50 sites in 
Mexico where ozone, NOx, CO, SO2, PM10, TSP, 
and VOCs are measured (SINAICA, 2011). An 
additional network of about 60 sites is operated in 
Mexico City for the same general suite of pollut-
ants (Secretaría del Medio Ambiente, 2013). Data 
from the air quality monitoring networks are 
centralized by the National Institute of Ecology, 
with detailed reports provided for specific 
airsheds. Parrish et al. (2011) provided summa-
ries of trends of annual average concentrations 
in Mexico City over a 20-year period in which 
air quality has improved substantially (Fig. 1.14).

Annual average particulate PAH concentra-
tions (in PM10) collected at a site in Mexico City 
over a period of several years are summarized in 
Table 1.7. For several of the PAHs, concentrations 
increased during this 4-year period, even as PM10 
concentrations decreased (Amador-Muňoz et al., 
2013).

Mexico, Canada, and the USA operate a 
collaborative network for measurement of 
dioxins and furans, including nine stations in 
Mexico (five rural, two semi-urban, and two 
urban sites) (Cardenas et al., 2011). The mean 
concentrations for the background (rural) and 
semi-urban sites were 1.59 fg/m3 and 18.6 fg/m3, 
respectively, which are of the same order of 
magnitude as those reported by the outdoor 
monitoring networks in the USA and Canada. 
However, the mean concentration for the urban 
sites was 282 fg/m3, which is significantly higher 
than concentrations measured at similar sites in 
the USA and Canada.

(b) Europe

In this section, information on outdoor 
concentration levels, spatial variation, and time 
trends in major outdoor air pollutants in Europe 
is summarized. Data are available from routine 
monitoring networks and several large research 
projects. This text focuses on concentration data 
from 38 countries that are members or cooper-
ating members of the European Environment 
Agency (EEA), so that the spatial pattern across 
Europe is broadly represented.

Routine monitoring networks are national 
in Europe; there is no comprehensive European 
network. EU Member States have to report their 
data to the EU, resulting in the European air 
quality database AirBase, maintained by the 
EEA, in which concentrations and metadata (site 
description, monitoring methods) are available 
(EEA, 2014). European reference methods have 
been defined for regulated pollutants. The EEA 
regularly reports assessment of air quality across 
Europe (e.g. EEA, 2012).
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Fig. 1.10 Trends (1970–2008) in annual mean particle (TSP, PM10, PM2.5) concentrations measured 
at National Air Pollution Surveillance (NAPS) sites in Canada

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm; SO2, sulfur dioxide; TSP, total suspended particles.
Reprinted from Environment Canada (2010). National air pollution surveillance. Available from: http://www.ec.gc.ca/rnspa-naps/default.
asp?lang=En&n=77FECF05-1#reports.

Fig. 1.11 Trends (1970–2008) in annual mean SO2 concentrations at National Air Pollution 
Surveillance (NAPS) sites in Canada

SO2, sulfur dioxide.
Reprinted from Environment Canada (2010). National air pollution surveillance. Available from: http://www.ec.gc.ca/rnspa-naps/default.
asp?lang=En&n=77FECF05-1#reports.

http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
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Fig. 1.12 Trends (1970–2008) in annual mean particulate lead concentrations at National Air 
Pollution Surveillance (NAPS) sites in Canada

Reprinted from Environment Canada (2010). National air pollution surveillance. Available from: http://www.ec.gc.ca/rnspa-naps/default.
asp?lang=En&n=77FECF05-1#reports.

Fig. 1.13 Trends (1990–2007) in annual mean total volatile organic compounds (VOCs) at National 
Air Pollution Surveillance (NAPS) sites in Canada

Reprinted from Environment Canada (2010). National air pollution surveillance. Available from: http://www.ec.gc.ca/rnspa-naps/default.
asp?lang=En&n=77FECF05-1#reports.

http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
http://www.ec.gc.ca/rnspa-naps/default.asp?lang=En&n=77FECF05-1%23reports
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The European Monitoring and Evaluation 
Programme (EMEP) is a European network of 
regional background stations that was designed 
in the 1970s in response to the observation of 
transboundary air pollution (Tørseth et al., 
2012). The network includes measurements of 
SO2, NO2, sulfate/nitrate in aerosols, and more 
recently PM, ozone, and POPs.

Maps prepared by the EEA of the annual 
average concentrations across Europe of PM10, 
PM2.5, NO2, SO2, and ozone are presented in 
Fig. 1.15, Fig. 1.16, Fig. 1.19, Fig. 1.21, Fig. 1.22; 

other maps, for heavy metals in PM, CO, benzene, 
and PAH concentrations, can be found in the 
EEA report (EEA, 2012). These components were 
selected based on availability of at least reason-
ably comparable data across Europe.

Table 1.6 Estimated exposures (in 2010) to 
selected IARC Group 1, Group 2A, and Group 
2B carcinogens in outdoor air in Canada

Compound Mean 
concentration 
(μg/m3)

Group 1
1,3-Butadiene 0.073
Benzene 0.84
Formaldehyde 1.4
Benzo[a]pyrene 1.1 × 10−4

2,3,7,8-Tetrachlorodibenzo-para-dioxin 10−9

Polychlorinated biphenyls (PCBs) 2.5 × 10−9

Diesel engine exhaust 0.8
Arsenic 4.3 × 10−4

Cadmium 1.1 × 10−4

Hexavalent chromium 2 × 10−5

Nickel compounds 5 × 10−4

Group 2A
Dichloromethane 0.68
Tetrachloroethylene 0.2
Lead compounds 0.0012
Group 2B
Acetaldehyde 0.81
Chloroform 0.15
Ethylbenzene 0.55
Benzo[b]fluoranthene 4 × 10−4

Benzo[k]fluoranthene 1.1 × 10−4

Benz[a]anthracene 1.8 × 10−4

Chrysene 2 × 10−4

Indeno[1,2,3-cd]pyrene 1 × 10−4

Prepared by the Working Group with data from CAREX Canada 
(2013).

Fig. 1.14 Trends in outdoor concentrations of 
lead, SO2, NO2, CO, and particles (TSP, PM10, 
PM2.5) in Mexico City

Plots show the average of the fifth-highest annual maximum from all 
stations with valid data for a given year.
CO, carbon monoxide; NO2, nitrogen dioxide; Pb, lead; PM10, 
particulate matter with particles of aerodynamic diameter < 10 μm; 
PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm; SO2, sulfur dioxide; TSP, total suspended particles.
Reprinted from Parrish et al. (2011). Air quality progress in North 
American megacities: a review. Atmos Environ, 45(39):7015–25, with 
permission from Elsevier.
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(i) PM10 and PM2.5

The PM10 and PM2.5 maps (Fig.  1.15 and 
Fig. 1.16) show that concentrations are lower in 
northern Europe than in southern and eastern 
Europe. The PM10 map is based on a substan-
tially larger number of sites than the PM2.5 map, 
because PM2.5 monitoring has not been fully 
developed within Europe because of later adop-
tion of the air quality guideline for PM2.5. Several 
research projects have broadly confirmed the 
general patterns across Europe (Hazenkamp-von 
Arx et al., 2004; Putaud et al., 2004, 2010; Van 
Dingenen et al., 2004; Eeftens et al., 2012). In 
the ESCAPE study (Eeftens et al., 2012), based 

on standardized gravimetric measurements 
using the Harvard impactor in 20 study areas, 
average PM2.5 concentrations below 10  μg/m3 
were found in northern Europe (Fig.  1.17). In 
southern European cities, for example Athens 
(Greece) and Turin (Italy), annual average PM2.5 
concentrations above 20 μg/m3 were measured. 
Relatively high concentrations were also found in 
the two central European cities Györ (Hungary) 
and Kaunas (Lithuania). Fig  1.17 further illus-
trates significant intra-urban spatial variation, 
particularly for coarse particles (calculated as 
PM10 − PM2.5) and PM2.5 absorbance. A regres-
sion analysis of PM2.5 on PM10 concentrations for 

Table 1.7 Annual medians of mass polycyclic aromatic hydrocarbons (PAHs) concentrations in 
PM10 (10th–99th percentile) (pg/m3) from the sampling days of 1999–2002 at a site in south-west 
Mexico City

PAH 1999 (n = 58) 2000 (n = 69) 2001 (n = 88) 2002 (n = 73)

Phenanthrene 116 (39–250) 122 (63–270) 141 (87–240) 135 (78–239)
Anthracene 21 (10–38) 17 (7–44) 25 (16–40) 21 (13–35)
Fluoranthene 230 (93–514) 204 (95–529) 260 (145–511) 253 (126–460)
Pyrene 334 (120–747) 290 (135–704) 387 (225–718) 322 (163–593)
Retene 134 (26–538) 5 (4–164)d 83 (51–258) 97 (49–261)
Benzo[a]anthracene 143 (46–361) 155 (61–403) 165 (87–334) 175 (82–380)
Chrysenea 212 (66–518) 200 (94–492) 187 (112–435) 234 (111–485)
Benzo[b]fluoranthene 588 (194–1179) 417e (147–963) 368e (199–814) 505 (314–1030)
Benzo[k]fluorantheneb 454 (159–896) 474 (240–1025) 382 (236–857) 440 (178–930)
Benzo[e]pyrene 506 (176–1052) 474 (235–950) 461 (290–924) 601 (356–1009)
Benzo[a]pyrene 240 (63–649) 313 (129–787) 274 (154–725) 357 (187–730)
Perylene 33 (0–92)f 53e (21–108)f 48e (25–108)f 74 (19–142)g

Indeno[1,2,3-cd]pyrene 734 (230–1587) 700 (306–1353) 623 (381–1388) 896 (506–1544)
Dibenzo[a,h]anthracene 45 (14–91) 43 (16–89) 43 (18–97) 46 (27–95)
Benzo[ghi]perylene 1342 (427–2793) 1289 (631–2644) 1342 (746–2891) 1856 (1058–2994)
Coronene 892 (267–1850) 755 (340–1624) 855 (49–2024) 1077 (564–2257)
Light PAHc 926 (293–2145) 686 (302–1595) 877 (531–1702) 836 (468–1636)
Heavy PAHc 5301 (1578–11 174) 4953 (2393–10 186) 4636 (2829–10 148) 6206 (3588–11 399)
PM10, particulate matter with particles of aerodynamic diameter < 10 μm.
a  Probably chrysene co-eluting with triphenylene
b  Probably benzo[k]fluoranthene co-eluting with benzo[j]fluoranthene
c  The values were calculated taking into account the corresponding PAH sum in each sampling day by year.
d  Some values of retene were lower than the quantification limit.
e  Contiguous medians were not statistically different.
f  All daily values of perylene were lower than the quantification limit.
g  Some daily values of perylene were lower than the quantification limit.
Adapted from Amador-Muñoz et al. (2013). Opposing seasonal trends for polycyclic aromatic hydrocarbons and PM10: health risk and sources 
in southwest Mexico City. Atmos Res, 122:199–212. doi:10.1016/j.atmosres.2012.10.003, © with permission from Elsevier.

http://dx.doi.org/10.1016/j.atmosres.2012.10.003
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Fig. 1.15 Annual mean concentrations of PM10 in 2010 in Europe

PM10, particulate matter with particles of aerodynamic diameter < 10 μm.
The red dots indicate stations reporting exceedances of the 2005 annual limit value (40 μg/m3), as set out in the Air Quality Directive (EU, 2008).
The orange dots indicate stations reporting exceedances of a statistically derived level (31 μg/m3) corresponding to the 24-hour limit value, as set 
out in the Air Quality Directive (EU, 2008).
The light green dots indicate stations reporting exceedances of the WHO air quality guideline for PM10 of < 20 μg/m3 but not in exceedance of the 
limit values as set out in the Air Quality Directive (EU, 2008).
The dark green dots indicate stations reporting concentrations below the WHO air quality guideline for PM10 and implicitly below the limit 
values as set out in the Air Quality Directive (EU, 2008).
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.
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Fig. 1.16 Annual mean concentrations of PM2.5 in 2010 in Europe

PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm.
The red dots indicate stations reporting exceedances of the 2010 annual target value (25 μg/m3) plus at least 5 μg/m3.
The dark orange dots indicate stations reporting exceedances of the 2010 annual target value (25 μg/m3), as set out in the Air Quality Directive 
(EU, 2008).
The light orange dots indicate stations reporting exceedances of the 2020 indicative annual limit value (20 μg/m3), as set out in the Air Quality 
Directive (EU, 2008).
The light green dots indicate stations reporting exceedances of the WHO air quality guideline for PM2.5 of < 10 μg/m3 but not in exceedance of 
the target or limit values for PM2.5 as set out in the Air Quality Directive (EU, 2008).
The dark green dots indicate stations reporting concentrations below the WHO air quality guideline for PM2.5 and implicitly below the target and 
limit values for PM2.5 as set out in the Air Quality Directive (EU, 2008).
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.
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60 sites across Europe found site-specific slopes 
varying between 0.44 and 0.90 (Putaud et al., 
2010). Fig 1.18 illustrates the spatial variation of 
PM2.5 and PM10 concentrations across European 
cities. A large range of PM10 concentrations 
(5–54 μg/m3 annual average) is observed across 
the network. Urban background PM10 annual 
mean and median values are significantly larger 
in southern Europe (median, 36 μg/m3) than in 
north-western Europe (median, 24  μg/m3) and 

central Europe (median, 26  μg/m3). The range 
of PM2.5 concentrations observed across the 
network (3–35 μg/m3 annual average) is similar 
to that of PM10. In north-western and southern 
Europe, an increasing gradient in PM2.5 is gener-
ally observed from rural to urban sites. In central 
Europe, PM2.5 can be as large at rural sites as at 
urban sites (Putaud et al., 2010). The chemical 
composition of PM differs widely across Europe, 
with generally more carbonaceous matter in 

Fig. 1.17 Spatial variation of 2009–2010 annual average particulate matter (PM) concentrations 
across Europe

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm; PMcoarse calculated as PM10 − PM2.5.
Median, 25th percentile, and 75th percentile are shown in the boxes; whiskers indicate the 10th and 90th percentiles, and individual outliers are 
shown as points.
Reprinted from Eeftens et al. (2012). Spatial variation of PM2.5, PM10, PM2.5 absorbance, and PMcoarse concentrations between and within 20 
European study areas and the relationship with NO2 – results of the ESCAPE project. Atmos Environ, 62:303–317; with permission from Elsevier.
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central Europe, more nitrate in north-western 
Europe, and more mineral dust in southern 
Europe (Putaud et al., 2010; Tørseth et al., 2012). 
Table  1.8 presents the average contributions of 
major components to PM concentrations. The 
elemental composition of eight elements repre-
senting major sources across Europe has recently 
been published based on the ESCAPE study (de 
Hoogh et al., 2013). Significant variability of 

concentrations both within and between study 
areas across Europe was found.

There is a lack of comprehensive monitoring 
for the heavy metals lead, arsenic, cadmium, and 
nickel across Europe. In general, low concentra-
tion levels are measured (often below the lower 
assessment threshold), with the exception of sites 
located next to specific industries (EEA, 2012).

Fig. 1.18 Spatial variation of 1996–2007 annual average particulate matter (PM) concentrations 
across Europe

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm.
Median, 25th percentile, and 75th percentile are shown in the boxes; whiskers indicate the 10th and 90th percentiles, and individual outliers are 
shown as points.
Reprinted from Putaud et al. (2010). A European aerosol phenomenology – 3: physical and chemical characteristics of particulate matter from 60 
rural, urban, and kerbside sites across Europe. Atmos Environ, 44(10):1308–1320; with permission from Elsevier.
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There are no routine measurements of 
ultrafine particles available across Europe, as 
in other parts of the world. In individual cities, 
including Amsterdam (the Netherlands), Athens 
(Greece), Birmingham (United Kingdom), and 
Helsinki (Finland), total particle number counts 
are available. Research projects have included 
snapshots of spatial patterns across Europe 
(e.g. Puustinen et al., 2007). Urban background 
levels were about 10  000–20  000  particles/cm3 
in four large cities, with substantially higher 

concentrations measured near major roads 
(Puustinen et al., 2007).

(ii) NO2

The most striking feature of the NO2 map is the 
higher concentrations in major cities (Fig. 1.19). 
European research studies have also shown a 
general north-to-south increasing gradient in 
NO2 concentrations (Hazenkamp-von Arx et al., 
2004; Cyrys et al., 2012). Fig 1.20 further illus-
trates significant intra-urban spatial variation, 
which exceeded between-area variability. In 

Fig. 1.19 Annual mean concentration of NO2 in 2010 in Europe

NO2, nitrogen dioxide.
Orange and red dots correspond to exceedances of the annual limit value (40 μg/m3).
Red dots correspond to exceedances of the annual limit value plus 5 μg/m3.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.



Outdoor air pollution

69

virtually all study areas, there was at least one site 
in which the current EU annual average standard 
of 40 μg/m3 was exceeded.

(iii) SO2

Current average SO2 concentrations in Europe 
are low, typically well below 10 μg/m3 in large parts 
of Europe (Fig. 1.21). The highest concentrations 
occur in eastern Europe, related to industrial 
activities and the remaining coal burning (EEA, 
2012). Currently, emissions are predominantly 
from power generation (Tørseth et al., 2012). 
International shipping emissions have become 
a significant source because shipping emissions 

have been much less affected by policies than 
industrial emissions have (Tørseth et al., 2012).

(iv) CO
CO concentrations are typically low, due to 

the significant reduction in traffic emissions by 
catalytic converters. Still, the highest concentra-
tions occur in urban areas, especially at traffic 
sites and occasionally at industrial locations 
(EEA, 2012). There is not a clear pattern across 
Europe.

Fig. 1.20 Spatial variation of 2008–2011 annual average nitrogen dioxide (NO2) and nitrogen 
oxides (NOx) concentrations across Europe

a Distribution of annual average concentration of NO2 for each study area separately. b Distribution of annual average concentration of NOx for 
each study area separately.
Median, 25th percentile, and 75th percentile are shown in the boxes; whiskers indicate the 10th and 90th percentiles, and individual outliers are 
shown as points.
In each study area, 40–80 sites were measured. Sites ordered from north to south.
Reprinted from Cyrys et al. (2012). Variation of NO2 and NOx concentrations between and within 36 European study areas: results from the 
ESCAPE study. Atmos Environ, 62:374–90; with permission from Elsevier.
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(v) Ozone
Fig. 1.22 shows the map of maximum 8-hour 

average ozone concentrations. The 26th highest 
value is shown because of the formulation of the 
EU standard (120 µg/m3 as an 8-hour maximum 
not to be exceeded on >  25  days). The highest 
concentrations occur in southern Europe and 
in Austria and Switzerland, related especially to 
higher temperatures and altitude (EEA, 2012). 
Ozone concentrations are generally higher at 
rural stations than at urban background stations. 

Concentrations at traffic sites are even lower, 
related to scavenging of ozone by NO (EEA, 
2012).

(vi) Benzene
Current average benzene concentrations in 

Europe are low, typically below 5 μg/m3 in large 
parts of Europe. The highest concentrations 
occur at traffic sites and at industrial locations 
(EEA, 2012).

Fig. 1.21 Annual mean SO2 concentrations in Europe in 2010

The dark orange and red dots correspond to exceedances of the limit value (20 μg/m3) for the protection of vegetation.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.
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(vii) Benzo[a]pyrene
Current average B[a]P concentrations in 

Europe are low, typically below 1 ng/m3 in large 
parts of Europe. There is no clear north-to-south 
gradient. The highest concentrations occur in 
areas with domestic coal or wood burning and 
industrial areas, particularly in eastern Europe 
(EEA, 2012).

(viii) Pollution trends
Fig. 1.23, Fig. 1.24, Fig. 1.25, and Fig. 1.26 show 

the trends in annual average concentrations of 
PM and major gaseous components based on the 
European AirBase database (EEA, 2012).

Annual average concentrations of PM10 
and PM2.5 have not decreased much since 2000 
despite assumed decreases in emissions of 
precursors (Fig.  1.23). Between 1990 and 2004, 
a clear decrease (~44%) in total PM emissions 

Fig. 1.22 Twenty-sixth highest daily maximum 8-hour average ozone concentration recorded in 
2010 in Europe

The map shows the proximity of recorded ozone concentrations to the target value. At sites marked with dark orange and red dots, the 26th 
highest daily ozone concentrations exceeded the 120 μg/m3 threshold and the number of allowed exceedances by the target value.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.
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occurred (EEA, 2007; Harrison et al., 2008). At 
the EMEP regional background sites, concen-
trations of PM10 and PM2.5 decreased by 18% 
and 27%, respectively, between 2000 and 2009 
(Tørseth et al., 2012). Longer-term trends are 
difficult to quantify from monitoring networks 
because PM10 and especially PM2.5 were often not 
measured until the 1990s. High annual average 
concentrations of PM10 and PM2.5 were measured 
in research projects in central and eastern Europe 
in the 1990s (Hoek et al., 1997; Houthuijs et al., 
2001). A series of studies in eastern Germany 
reported a significant decline in particle mass 
concentration, accompanied by an increase in 
concentrations of ultrafine particles (Kreyling 
et al., 2003).

Longer trends are available for sulfate, 
although sampling artefacts complicate the 
assessment (Tørseth et al., 2012). Consistent 
with the large reduction in SO2 emissions, sulfate 
concentrations decreased by 70% between 1980 
and 2009, mostly between 1990 and 2009 (56% 
reduction). Nitrate concentrations decreased 
by much less than sulfates (8% between 1990 
and 2009), reflecting the smaller reduction in 
precursor emissions and a shift in the equilib-
rium with ammonia and nitric acid towards 
particulate nitrate (Tørseth et al., 2012).

Annual average concentrations of NO2 have 
remained fairly stable since 2000, whereas NOx 
concentrations did decrease substantially at 
traffic sites (Fig.  1.24). At the EMEP regional 

Table 1.8 Major constituent contributions to PM10, PM2.5, and PMcoarse in Europe

Region Constituent PM10 PM2.5 PMcoarse

Rural Urban Kerbside Rural Urban Kerbside Rural Urban Kerbside

North-western 
Europe

Mineral dust 4% 12% 5% 1% 26%
Sea salt 12% 10% 7% 4% 1% 15%
SO4 13% 14% 8% 21% 18% 6%
NO3 16% 14% 12% 16% 20%
OM 15% 18% 16% 25% 14%
EC 4% 5% 9% 7% 1%
TC 14% 18% 20% 25% 12%

Southern Europe Mineral dust 15% 21% 28% 11% 14% 42% 69%
Sea salt 3% 12% 5% 6% 2% 22% 11%
SO4 16% 12% 12% 15% 15% 4% 5%
NO3 14% 9% 8% 7% 7% 11% 9%
OM 26% 23% 13%
EC 6% 8% 2%
TC 13% 21% 28% 30% 38% 11%

Central Europe Mineral dust 9% 12% 15% 3% 5% 6% 22% 25% 29%
Sea salt 2% 2% 2% 1% 1% 1% 2% 3% 5%
SO4 19% 15% 9% 17% 19% 12% 5% 4% 4%
NO3 13% 12% 8% 6% 13% 10% 10% 7% 6%
OM 23% 21% 21% 15% 22% 26% 5% 15% 13%
EC 6% 10% 17% 5% 14% 21% 3% 3% 10%
TC 32% 32% 38% 19% 31% 35% 6% 14% 19%

EC, elemental carbon; OM, organic matter; PM, particulate matter; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; 
PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm; PMcoarse, particulate matter with particles of aerodynamic diameter 
between 2.5 μm and 10 μm; TC, total carbon.
Adapted from Putaud et al. (2010). A European aerosol phenomenology – 3: physical and chemical characteristics of particulate matter from 60 
rural, urban, and kerbside sites across Europe. Atmos Environ, 44(10):1308–20; with permission from Elsevier.
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Fig. 1.23 Trends in annual average concentrations of PM10 (2001–2010) and PM2.5 (2005–2010) by 
station type across Europe

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm.
All stations in European Union Member States with at least 75% data coverage for at least 8 years (PM10) or 6 years (PM2.5) were included in the 
analysis. Concentrations by station type are given in μg/m3.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.

Fig. 1.24 Trends in NO2 and NOx annual mean concentrations (2001–2010) by station type across 
Europe

NO2, nitrogen dioxide; NOx, nitrogen oxides.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. European Environment Agency Report 4/2012.
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background sites, NO2 concentrations decreased 
by 23% between 1990 and 2009 (Tørseth et al., 
2012). The decrease in NOx concentrations is 
explained by lower emissions from motorized 
traffic, since NOx emissions in Europe had 
increased, especially until about 1990, because 
of emissions from road transportation (Vestreng 
et al., 2009). The reduced fuel consumption and 
early technological changes in western Europe 
between 1980 and 1990 were not sufficiently 
effective to reduce emissions (Vestreng et al., 
2009). After 1990, emissions decreased because 
of new technologies in western Europe and the 
economic recession in eastern Europe, while 
increasing car ownership in eastern Europe 
resulted in increased road traffic emissions from 
that region (Vestreng et al., 2009).

The limited decrease in NO2 concentrations 
is due to an increase in primary NO2 in road 
traffic emissions. Primary NO2 emissions have 
gained importance compared with the ozone/
NOx equilibrium (Keuken et al., 2009; Mavroidis 

& Chaloulakou, 2011). The increase in primary 
NO2 emissions has been attributed to increased 
use of diesel-powered vehicles, which emit a 
higher fraction of NO2 compared with gaso-
line-powered vehicles (Grice et al., 2009; Anttila 
et al., 2011; Carslaw et al., 2011). In addition, the 
aftertreatment devices (such as oxidation cata-
lysts) implemented for reducing PM emissions 
by diesel vehicles contribute to the increasing 
fraction of primary NO2 in NOx (Mavroidis & 
Chaloulakou, 2011; Williams & Carslaw, 2011). 
For diesel-fuelled vehicles equipped with cata-
lytic diesel particulate filters, primary NO2 frac-
tions of about 40–50% are reported (Carslaw 
et al., 2007). A consequence of this trend is that 
the value of NO2 as a marker of the mixture of 
traffic-related pollutants may have changed.

Concentrations of SO2 have continued to 
decrease significantly in Europe at traffic sites, 
urban background sites, and regional back-
ground sites (Fig.  1.25). On average, concen-
trations were halved between 2000 and 2010 

Fig. 1.25 Trend in annual average SO2 
concentrations (2001–2010) by station type 
across Europe

SO2, sulfur dioxide.
All stations in European Union Member States with at least 75% data 
coverage for at least 8 years were included in the analysis.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. 
European Environment Agency Report 4/2012.

Fig. 1.26 Trend in annual average mean 
benzene concentrations (2001–2010) by station 
type across Europe

All stations in European Union Member States with at least 75% data 
coverage for at least 8 years were included in the analysis.
Reprinted from EEA (2012). Air quality in Europe – 2012 report. 
European Environment Agency Report 4/2012.
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(EEA, 2012). Compared with the early 1990s, 
concentrations have decreased several-fold, 
due to significant reductions in the use of coal 
for power generation and other sources such as 
domestic heating, lower sulfur content in fuel, 
and substantial technological developments 
such as desulfurization at power plants (Tørseth 
et al., 2012). At the EMEP regional background 
sites, SO2 concentrations decreased by 92% 
between 1980 and 2009, mostly between 1990 
and 2009 (75% reduction) (Tørseth et al., 2012). 
Modest reductions in emissions between 1980 
and 1989 occurred largely in western Europe, 
whereas large reductions between 1990 and 1999 
occurred mainly in central and eastern Europe 
(Vestreng et al., 2007). Important factors were 
the drop in industrial activity in eastern Europe 
after the political changes in 1989 and a switch 
from solid fuel to oil and natural gas containing 
lower amounts of sulfur (Vestreng et al., 2007).

Concentrations of benzene have decreased 
substantially in the past decade, especially at 
traffic sites (Fig.  1.26). The main explanation 
for this trend is the lower benzene content of 
gasoline.

There are insufficient data from networks to 
specify a Europe-wide trend for B[a]P concentra-
tions (EEA, 2012), although there are studies from 
selected locations. A study in Munich showed a 
decrease in concentrations by an order of magni-
tude between 1981 and 2001, with most of the 
change occurring before 1993 (Schauer et al., 
2003). Large decreases in PAH concentrations 
have also been reported for the United Kingdom 
(Brown et al., 2013). Comparison of data from 
different sites in London showed a decrease in 
B[a]P concentrations from 10–100 ng/m3 in the 
1950s to less than 0.1  ng/m3 currently. Median 
B[a]P concentrations of all sites in the current 
PAH network have decreased from about 
1.4 ng/m3 to 0.2 ng/m3 (Brown et al., 2013). The 
decline in the past two decades was attributed to 
dramatically reduced emissions from industrial 

metal processing and a ban on burning agricul-
tural stubble (Brown et al., 2013).

Overall, air quality has generally improved in 
Europe, and the mixture has clearly changed in 
composition.

(c) Asia

(i) India
Outdoor air quality information in India is 

collected primarily by the National Air Quality 
Monitoring Programme (NAMP). Administered 
by the Central Pollution Control Board 
(CPCB), Ministry of Environment and Forests, 
Government of India, the NAMP network was 
initiated in 1984 with seven stations in the cities 
of Agra and Anpara (situated close to the National 
Capital Region). This network has steadily grown 
to include nearly 503 outdoor air quality moni-
toring stations across 209 cities in 26 states and 
5 union territories in 2011. Criteria air pollut-
ants listed under the earlier 1994 NAAQS and 
monitored under the NAMP include PM10, SO2, 
and NO2. Integrated 8-hour and 24-hour meas-
urements are performed twice a week, resulting 
in about 104 observations from each station 
annually. In addition, CO, NH3, lead, and ozone 
are monitored at selected locations. The NAAQS 
were recently revised (CPCB, 2009b). PM2.5 and 
air toxics such B[a]P, arsenic, and nickel are now 
included in the revised NAAQS and are slowly 
being added to the routine monitoring performed 
under the NAMP. The CPCB collates the data 
received by the entire network in the central 
Environmental Data Bank. After completion 
of quality assurance/quality control, these data 
are made available in the public domain. This 
section summarizes pollutant-specific informa-
tion available from the CPCB, with additional 
details from relevant published studies where 
available.

Analyses of CPCB data from 402 stations 
on criteria air pollutants for the 10-year period 
2000–2010 indicate a decline in the national 
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annual average SO2 concentration; NO2 levels 
remained largely unchanged, and PM10 levels 
showed a modest increase (Fig. 1.27). Although 
monitoring locations do not cover all cities 
across India, they do provide coverage across 
all states, indicating the extent of exposures 
that urban populations are likely to experience 
(CPCB, 2012).

The CPCB classifies the air quality at NAMP 
locations into four broad categories – low 

(acceptable), moderate, high, and critical levels 
of pollution – based on the exceedance factor 
(the ratio of annual mean concentration of a 
pollutant to that of the respective standard), as 
shown in Table 1.9.

By these criteria, the levels of SO2 at most 
locations have not only declined but are mostly 
low across the locations monitored, whereas 
NO2 and PM10 levels have remained moderately 
to critically high across many locations over the 

Fig. 1.27 National mean concentrations derived from data across National Air Quality Monitoring 
Programme (NAMP) stations together with the 10th and 90th percentile for SO2 (a), NO2 (b), and 
PM10 (c) in India

NO2, nitrogen dioxide; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; SO2, sulfur dioxide.
Reprinted from CPCB (2012).
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years (Fig.  1.28). Maximum levels in the most 
polluted states/cities often exceed the NAAQS by 
2–5-fold, as may be seen in Table 1.10.

Limited information is currently available on 
chemical speciation of PM fractions or the differ-
ential distribution of PM and gaseous pollutants 
in relation to land use. In a recent national source 
apportionment study performed across six cities 
(CPCB, 2011), levels of PM10 and PM2.5 in the 
outdoor air were consistently in excess of the 
NAAQS across background, kerbside, industrial, 
commercial, and residential sites, and winter and 
post-monsoon season levels were much higher 
than summer levels (CPCB, 2011). NO2 levels 
were of concern at several locations, whereas SO2, 
ozone, and CO levels were generally within the 
prescribed standards. Results from analyses of PM 
components indicate that EC and OC accounted 
for 20–45% of PM10 and 25–75% of PM2.5 in cities. 
SO4

2− and NO3
− accounted for 10–30% of PM10 

in cities. Vehicle exhaust, secondary particulates, 
construction activities, oil burning (e.g. diesel or 
heavy oil), biomass burning, coal combustion, 
kerosene combustion, and industrial emissions 
have been identified to be the dominant sources 
for criteria air pollutants in these cities (CPCB, 
2011).

In addition, several industrial hotspots have 
been identified by the CPCB using the new 
risk assessment criteria of the Comprehensive 
Environmental Pollution Index (CEPI) (CPCB, 
2009a). The CEPI weights the toxicity of the 

agents, the volume of emissions, the scale of 
the population exposed, and the exposure 
pathways involved. Of special relevance to 
carcinogenicity is the fact that unlike criteria 
air pollutant data provided by the NAMP, the 
CEPI includes weighted contributions from a 
range of compounds including probable carcin-
ogens (US EPA Class 2 and 3 or substances with 
some systemic toxicity, such as VOCs, PAHs, and 
PCBs) as well as known carcinogens or chemi-
cals with significant systemic or organ system 
toxicity (such as vinyl chloride, benzene, lead, 
radionuclides, hexavalent chromium, cadmium, 
and organophosphates) (CPCB, 2009a).

Data from the NAMP network of the CPCB 
provide the most comprehensive description of 
the status of air quality across Indian cities as 
far as criteria air pollutants are concerned. Air 
toxics are seldom monitored routinely, and hence 
information on air toxics is mostly contained in 
individual studies conducted by academic and/
or research organizations.

(ii) China
As a result of the unprecedented rapid devel-

opment in industrialization and urbanization in 
the past decades, many Chinese cities have air 
pollution levels well above health-based stand-
ards (HEI, 2010b; Gao et al., 2011), and air pollu-
tion associated with health impacts has become 
a growing concern (Zhang et al., 2010a). In this 
section, information on outdoor concentration 

Table 1.9 India Central Pollution Control Board (CPCB) criteria for classification of pollution 
levels

Pollution level Annual mean concentration range (µg/m3)

SO2 NO2 PM10

Low (L) 0–25 0–20 0–30
Moderate (M) 26–50 21–40 31–60
High (H) 51–75 41–60 61–90
Critical (C) > 75 > 60 > 90
NO2, nitrogen dioxide; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; SO2, sulfur dioxide.
Adapted from CPCB (2012).
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levels, spatial variation, and time trends in 
major outdoor air pollutants is summarized. 
Data are extracted primarily from publications 
on air pollution and epidemiological research 
conducted in China, as well as from government 
routine monitoring networks.

In the last century, air pollution from coal 
combustion was the dominant type of air pollu-
tion in most cities in China, and the air pollution 
was severe. Various pollution control measures 
and devices have been gradually put in place for 
the industrial and residential sectors.

Coal will remain the major energy source in 
China for the near future. However, in recent 
years, outdoor air pollution in most Chinese 
cities has become a mixture of emissions from 
coal combustion, vehicles, and biomass burning, 
as well as from sandstorms in the north-western 
region (HEI, 2010b). The annual average levels 
of PM10, SO2, and NO2 in 31 provincial capital 
cities in China are summarized in Fig.  1.29. 
The concentrations of PM10, SO2, and NO2 in 
most large urban areas in China have generally 
stabilized or are decreasing (albeit with some 

Fig. 1.28 Trends in pollution levels for 2000−2010 in India in relation to Central Pollution Control 
Board (CPCB) criteria given in Table 1.9

28

Table 2.11. Number of cities exceeding the NAAQS
(Based on annual average data)

Residential/Industrial/Rural area Ecologically sensitive area

SO2
>50

NO2
>40

PM10
>60

SO2
>20

NO2
>30

PM10
>60

Not exceeding NAAQS 163 (99) 146 (88) 36 (22) 11 (92) 11 (92) 3 (23)

Exceeding NAAQS 1 (1) 19 (12) 131 (78) 1 (8) 1 (8) 10 (77)

Total cities 164 165 167 12 12 13

NB. Figures in parenthesis indicate percentage

Time weighted 
average

Concentration in ambient air 
(µg/m3) Industrial, Residential, 

Rural & other areas

SO2    NO2 PM10

Annual 50 40 60

24 hourly 80 80 100

2.6 Percentage of residential/industrial/rural/other location in different pollution categories

Trend in percentage of locations (Residential areas till 2009 and residential/industrial/rural/others for 2010, adequate 
data) with low, moderate, high and critical levels of SO2, NO2, PM10 is depicted in Figure 2.10. With respect to SO2, 
percentage of locations are limited to low and moderate category though fluctuating over the years. This indicates 
a low SO2 pollution level (Figure 12.10a). NO2 levels showed a reduction in the low category and an increase in 
moderate, high and critical level indicating an increase in the pollution level (Figure 12.10b). Location with respect 
to PM10 showed similar trend in 2010 with a reduction in the low category (Figure 12.10c)

Figure 2.12: Yearly Trends of Low, Moderate, High and Critical levels of a. SO2, b. NO2 and c. PM10 
(Residential areas; percentage of location)

Chapter-2 : Air Quality Assessment & Major Findings

Reprinted from CPCB (2012).



Outdoor air pollution

79

notable exceptions). However, along with the 
reductions in concentrations of PM10, SO2, and 
NO2 in China, the pollution episodes of PM2.5 
and ozone in some city cluster areas suggest the 
degradation of regional air quality. As total air 

pollution sources and overall emissions increase 
in China, yet become more dispersed, regional 
and transboundary air quality issues are likely 
to become increasingly important. The mean 
concentrations of PM10, PM2.5, SO2, NO2, and 

Table 1.10 Profile of the 10 most polluted Indian cities in 2010a

State City Minimum 
(µg/m3)

Maximum 
(µg/m3)

Annual average 
(µg/m3)

Standard deviation 
(µg/m3)

Air 
qualityb

PM10 concentrations
Madhya Pradesh Gwalior 598 114 308* 107 C
Jharkhand West Singhbhum 59 926 302* 229 C
Uttar Pradesh Ghaziabad 162 510 290* 89 C
Chhattisgarh Raipur 207 370 289* 39 C
Delhi Delhi 46 748 261* 130 C
Haryana Yamuna Nagar 64 523 261* 116 C
Jharkhand Jharia 131 370 237* 40 C
Punjab Khanna 152 283 231* 23 C
Punjab Gobindgarh 125 534 224* 66 C
Punjab Amritsar 181 258 219* 20 C
NO2 concentrations
West Bengal Howrah 37 147 75* 25 C
West Bengal Barrackpore 39 140 74* 24 C
Maharashtra Badlapur 9 175 73* 37 C
Maharashtra Ulhasnagar 8 162 68* 33 C
West Bengal Durgapur 42 91 66* 11 C
West Bengal Asansol 46 88 66* 10 C
West Bengal Sankrail 28 120 65* 22 C
West Bengal Raniganj 45 85 63* 10 C
West Bengal Kolkata 23 142 62* 27 C
West Bengal South Suburban 25 113 56* 23 C
SO2 concentrations
Jharkhand Jamshedpur 27 42 35.4 1 M
Jharkhand Saraikela Kharsawan 28 41 35 3 M
Maharashtra Badlapur 5 86 32.3 15 M
Goa Mormugao 7 253 31.8 35 M
Maharashtra Ulhasnagar 5 109 31.2 17 M
Uttar Pradesh Ghaziabad 21 37 30.3 3 M
Uttar Pradesh Khurja 21 40 29.2 4 M
Maharashtra Pune 10 96 28.7 15 M
Maharashtra Chandrapur 12 35 21.3 4 L
Jharkhand West Singhbhum 15 36 21 3 L
NAAQS, National Ambient Air Quality Standards; NO2, nitrogen dioxide; PM10, particulate matter with particles of aerodynamic diameter 
< 10 μm; SO2, sulfur dioxide.
a  Asterisks indicate cities where annual mean concentration exceeded the NAAQS of 60 μg/m3 (PM10) or 40 μg/m3 (NO2) or 50 μg/m3 (SO2) for 
residential, industrial, and other areas.
b  Classification based on criteria in Table 1.9: L, low; M, moderate; H, high; C, critical.
Compiled from CPCB (2012).
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ozone reported in time-series studies conducted 
in China from 1990 to 2012 are presented in 
Table 1.11.

PM10

As a result of energy restructuring, the annual 
average levels of PM10 in 31 provincial capital 
cities in China decreased by about 25% from 
2003 to 2010 (Fig. 1.29); however, the levels are 
still high compared with elsewhere in the world. 
In 2010, the annual concentrations of PM10 were 
121  μg/m3 in Beijing, 79  μg/m3 in Shanghai, 
69 μg/m3 in Guangzhou, and 126 μg/m3 in Xi’an 
(National Bureau of Statistics of China, 2011). 
The spatial variations of PM10 in major Chinese 
cities suggest more serious particulate pollution 
in northern regions in China, due to the longer 
heating season in winter as well as the local 
topography and the impact of sandstorms. The 

nationwide distribution of air pollution levels is 
likely to be related to the spatial distribution of 
emission sources across the country (National 
Bureau of Statistics of China, 2012).

SO2

Trends in air quality in 31 provincial capital 
cities in China from 2003 to 2010 suggest a signifi-
cant decrease of about 30% in annual average SO2 
concentrations in urban areas, with the excep-
tion of an average increase in SO2 concentration 
during 2008 (Fig.  1.29). The reductions in SO2 
have resulted from the use of low-sulfur fuels and 
the relocation of major coal-fired power plants 
and industrial facilities from urban areas to 
outside cities. In more recent years, annual levels 
of SO2 were below 60 μg/m3 in most cities, and 
PM10 concentration levels continued to decrease 
(National Bureau of Statistics of China, 2012).

Fig. 1.29 Annual average levels of PM10, SO2, and NO2 in 31 provincial capital cities in China, 
2003–2010
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NO2, nitrogen dioxide; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; SO2, sulfur dioxide.
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NO2

Due to tightened motor vehicle emission 
standards in place from the early 2000s, annual 
average NO2 levels remained stable at 40 μg/m3, 
with some variations (Fig. 1.29). However, with 
the increasing numbers of motor vehicles in most 
Chinese cities, NO2 levels in the more developed 

cities tend to be higher, at more than 45 μg/m3 
(National Bureau of Statistics of China, 2012; 
Table 1.11).

Table 1.11 Mean concentrations of PM10, PM2.5, SO2, NO2, and O3 reported in time-series studies 
conducted in China (1990–2012) 

City, year(s) Pollutanta Reference

PM10 PM2.5 SO2 NO2 O3

Beijing, 2003 141 (79) — 60 (56) — — Pan et al. (2008)
Beijing, 2004–2008 146 (92) — 49 (49) 64 (26) — Zhang et al. (2010b)
Beijing, 2007–2008 172 (93) 82 (52) — — — Chen et al. (2011a)b

Shanghai, 2000–2001 91 (52) — 43 (20) 33 (14) — Kan & Chen, (2003)
Shanghai, 2001–2004 102 (2) — 45 (1) 67 (1) 63 (1) Kan et al. (2008)
Shanghai, 2001–2004 102 (65) — 45 (24) 67 (25) 63 (37) Zhang et al. (2006b)
Shanghai, 2002–2003 112 (76) 69 (48) 38 (21) 59 (23) — Dai et al. (2004)b

Shanghai, 2004–2005 108 (2) 56 (1) 58 (1) 62 (1) 77 (3) Huang et al. (2009)b

Shanghai, 2004–2005 108(2) 57 (1) — — 65 (3) Kan et al. (2007)b

Shanghai, 2004–2008 105 (54) 55 (30) — — — Chen et al. (2011a)b

Shanghai, 2006–2008 86 (53) — 53 (30) 56 (21) — Chen et al. (2011b)b

Guangzhou, 2004–2008 81 (45) — 54 (36) 67 (30) — Huang et al. (2012b)
Guangzhou, 2006–2009 60 (24) — 43 (21) 48 (26) — Yu et al. (2012)
Guangzhou, 2007–2008 — 70 (35) 50 (32) 66 (31) — Yang et al. (2012a)b

Tianjin, 2005–2007 105 (57) — 68 (54) 47 (18) — Zhang et al. (2010c)
Hong Kong Special Administrative Region, 
1995–1998

52 (25) — 17 (12) 56 (20) 34 (23) Wong et al. (2002)

Hong Kong Special Administrative Region, 
1996–2002

52 (25) — 18 (12) 59 (20) 37 (23) Wong et al. (2008a)

Wuhan, 2000–2004 142 (64) — 44 (25) 52 (19) 78 (41) Qian et al. (2007)
Wuhan, 2001–2004 142 — 39 52 86 Wong et al. (2008b)
Pearl River Delta, 2006–2008 78 — 62 53 80 Tao et al. (2011)b

Xi’an, 2004–2008 131 (55) — 48 (29) 39 (15) — Hou et al. (2011)
Xi’an, 2004–2008 — 177 (104) — — — Huang et al. (2012a)b

Anshan, 2004–2006 111 (60) — 59 (74) 26 (16) — Chen et al. (2010)
Chongqing, 1995 — 147 213 — — Venners et al. (2003)b

Suzhou, 2006–2008 — — — — 58 (40) Yang et al. (2012b)
Hangzhou, 2002–2004 113 — 46 53 — Ren et al. (2007)
Shenyang, 2006–2008 141 (66) 94 (52) — — — Chen et al. (2011a)b

Taiyuan, 2004–2008 132 (65) — 77 (8) 23 (9) — Chen et al. (2011b)
NO2, nitrogen dioxide; O3, ozone; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with 
particles of aerodynamic diameter < 2.5 μm; SO2, sulfur dioxide.
a  Mean concentrations are given in µg/m3; when available, standard deviations are given in parentheses.
b  Air pollution data collected not by state routine monitoring reporting system but by environmental science investigators.
Prepared by the Working Group.
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PM2.5 and ozone
At present, very limited data are available on 

the annual levels of PM2.5 and ozone, which were 
newly included in the revised Chinese AAQS 
released in March 2012 (MEPPRC, 2012).

To assess exposure, time-series studies 
have been conducted (Shang et al., 2013). The 
reported average concentrations of PM2.5 and 
8-hour ozone in these studies were in the ranges 
of 55–177 μg/m3 and 34–86 μg/m3, respectively 
(Table 1.11). In these studies, the reported PM2.5 
levels in Beijing, Shanghai, Guangzhou, and 
Xi’an were all well above the Chinese national 
standards and international air quality stand-
ards (Fig.  1.30). Brauer et al. (2012) estimated 
that the population-weighted annual average 
levels of PM2.5 in East Asia had increased from 

43  μg/m3 to 55  μg/m3 between 1990 and 2005, 
whereas they reported the highest measurement 
of annual average PM2.5 concentration (in 2005) 
of 58  μg/m3 in Beijing and the highest derived 
PM2.5 concentration (calculated from PM10 meas-
urements) of 121 μg/m3 in Datong, a coal-mining 
centre in Shanxi Province (Brauer et al., 2012). In 
northern China, estimated PM2.5 levels in 2010 
were above 80 μg/m3 (Fig. 1.31).

Geological materials, organic materials, EC, 
and secondary aerosols (such as SO4

2−, NO3
−, and 

NH4
+) are the primary components of PM2.5 in 

China; however, due to source variations, the 
concentrations of primary PM2.5 components 
vary significantly across locations and seasons 
(Niu et al., 2006; Cao et al., 2012). On average, 
SO4

2−, NO3
−, NH4

+, organic materials, and EC 

Fig. 1.30 Comparisons of reported annual PM2.5 levels (μg/m3) in Beijing, Shanghai, Guangzhou, 
and Xi’an with the Chinese national standards and international air quality standards
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AQG, air quality guidelines; PM2.5, particulate matter with particles of aerodynamic diameter <2.5 μm; NAAQS, National Ambient Air Quality 
Standards.
a  In addition to guideline values, WHO has proposed interim targets for each air pollutant in 2005. “These interim targets are proposed 
as incremental steps in a progressive reduction of air pollution, and are intended for use in areas where pollution is high. … Progress towards the 
guideline values should, however, be the ultimate objective of air quality management and health risk reduction in all areas” (WHO, 2006).
Prepared by the Working Group based on data from China Statistical Yearbook 2008–2009.
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account for more than 70% of the PM2.5 mass in 
summer, whereas the percentage is even higher 
in winter (Cao et al., 2012).

Lead levels are still high in Chinese cities, 
reaching an average of 1.68  µg/m3 in Xi’an 
during winter. High correlations of lead with 
arsenic and SO4

2− concentrations indicate that 
much of the lead derives from coal combustion 
rather than from leaded fuels, which were phased 
out by 2000 in China. Although limited fugitive 
dust markers were available, scaling of iron by its 
ratios in source profiles showed that in most of 

the cities, 20% of PM2.5 derives from fugitive dust 
(Cao et al., 2012).

Photochemical smog, in the presence of solar 
radiation, is commonplace in city cluster areas of 
China with greatly increased numbers of vehi-
cles (e.g. the Beijing–Tianjin–Hebei area and the 
Pearl River Delta region). Studies in these areas 
reported high concentrations of PM induced by 
photochemical smog. For example, in Shenzhen 
in 2004, the 24-hour average PM2.5 and PM10 
concentrations in summer were 35  μg/m3 and 
57 μg/m3, respectively, and in winter were 99 μg/m3 
and 137 μg/m3, respectively (Niu et al., 2006). In 

Fig. 1.31 Estimated levels of PM2.5 (μg/m3) in 2010 in China

PM2.5, particulate matter with particles of aerodynamic diameter <2.5 μm.
Compiled by the Working Group with data from Brauer et al. (2012).
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Guangzhou, the summer 24-hour average PM2.5 
concentration was 97.5 μg/m3 (Wang et al., 2006).

Polycyclic aromatic hydrocarbons
Daily and hourly average or snapshot concen-

trations of outdoor PAHs in urban and indus-
trial areas in China are high compared with 
elsewhere in the world (usually 10–20  ng/m3). 
Mean concentrations of 16 outdoor PAHs of 
up to 1400  µg/m3 were observed in Taiyuan, a 
coal-polluted city in central China, in December 
2006 (Fu et al., 2010). Concentrations of PAHs in 
the gas phase were also reported at high levels, 
in particular in megacities and large cities (e.g. 
Beijing, Shanghai, and Hangzhou) (Liu et al., 
2001, 2007; Wang et al., 2002; Zhang et al., 2009b; 
Zhu et al., 2009; Wei et al., 2011).

Volatile organic compounds
High daily and hourly average or snapshot 

concentrations of outdoor benzene, toluene, and 
xylene have been reported in Chinese megac-
ities (e.g. Beijing, Shanghai, and Guangzhou) 
compared with the levels observed in the USA 
(Zou et al., 2003; Zhang et al., 2006a; Wei et al., 
2007; Lu et al., 2008; Wang et al., 2010; Zhou 
et al., 2011).

(iii) Japan
As one of the most developed countries in 

Asia, Japan experienced serious pollution from 
industrial and automobile emissions in the 1950s 
and 1960s, and the main energy source shifted 
from coal to oil, making SO2 a major air pollutant 
(Committee on Japan’s Experience in the Battle 
Against Air Pollution, 1997). Air pollution levels 
declined after the introduction of pollution 
control measures in the 1970s. As an example, 
the nationwide annual average concentrations 
of SO2 decreased to 0.015  ppm [42.3  µg/m3] in 
the 1970s and further to 0.006 ppm [16.9 µg/m3] 
in 1990 (Ministry of the Environment of Japan, 
2011).

In contrast to the rapid decline in the 
concentrations of SO2, pollution from mobile 

sources increased during the 1970s. The annual 
concentrations of NO2 in 1970 were 0.035 ppm 
[70.9  µg/m3] at general sites and 0.042  ppm 
[85.1 µg/m3] at roadside sites; those of suspended 
PM (PM <  7  μm in diameter [SPM]) in 1975 
were 50 μg/m3 at general sites and 84 μg/m3 at 
roadside sites (Ministry of the Environment of 
Japan, 2011). After the tightened mobile-source 
emission control regulations and measures were 
put in place, the concentrations of NO2 and SPM 
declined gradually.

In 2011, the annual concentrations of 
major air pollutants in Japan were as follows: 
SO2, 0.002  ppm [5.64  µg/m3] at general sites 
and 0.003  ppm [8.46  µg/m3] at roadside sites; 
NO2, 0.011  ppm [22.3  µg/m3] at general sites 
and 0.021  ppm [42.5  µg/m3] at roadside sites; 
SPM, 20  μg/m3 at general sites and 22  μg/m3 
at roadside sites; PM2.5, 15.4  μg/m3 at general 
sites and 16.1  μg/m3 at roadside sites; and CO, 
0.3 ppm [370 µg/m3] at general sites and 0.5 ppm 
[617  µg/m3] at roadside sites (Ministry of the 
Environment of Japan, 2011). In recent years, in 
addition to making the necessary efforts towards 
reducing the concentrations of these pollutants, 
Japan has also faced problems such as relatively 
high and stable concentrations of ozone in 
metropolitan areas (e.g. annual concentration of 
0.028 ppm [59.2 µg/m3] in Tokyo in 2011) (Bureau 
of Environment of Tokyo, 2013).

(iv) Other Asian countries
Since the 1990s, most Asian countries have 

established national routine air quality moni-
toring networks for the criteria pollutants PM10, 
SO2, and NO2, whereas the air quality data on 
PM2.5 and ozone have been very limited. In 
the cities with routine air quality monitoring 
systems, some improvements in air quality have 
been achieved in the past decades; however, the 
levels of PM10 and SO2 still exceed the World 
Health Organization (WHO) air quality guide-
lines (AQG) (Fig. 1.32; Clean Air Asia, 2010). PM10 
has been a major pollutant in Asian cities, with 
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annual average PM10 concentrations well above 
the WHO AQG. Since 1995, most Asian cities 
have reported reduced NO2 levels, with annual 
average concentrations below the WHO AQG. 
For SO2, the annual average levels have decreased 
remarkably from the 1990s to the 2000s in most 
Asian cities, due to energy restructuring in the 
area.

PM10

As of 2008, PM10 was still a major pollutant in 
Asia; annual average PM10 concentrations ranged 
from 11  μg/m3 to 375  μg/m3 in the 230 Asian 
cities with the highest levels observed in East and 
South-East Asia (Fig. 1.33; Clean Air Asia, 2010).

SO2

In 2008, the monitoring data for 213 Asian 
cities showed that SO2 levels were still high in 
some cities in East Asia, particularly those near 
industries. Annual average SO2 concentrations 
ranged from 1.3 μg/m3 to 105 µg/m3. The mean of 
annual average SO2 concentrations for 213 Asian 
cities was 18.7 μg/m3 in 2008. See Fig. 1.34 (Clean 
Air Asia, 2010).

NO2

In 2008, annual average NO2 concentrations 
ranged from 1.9 μg/m3 to 77 μg/m3 in 234 Asian 
cities; the mean of annual average NO2 concen-
trations was 30.7 μg/m3. About 73% of the 234 
cities had annual average NO2 concentrations 
below the WHO AQG of 40 μg/m3. See Fig. 1.35 
(Clean Air Asia, 2010).

Fig. 1.32 Average of annual average outdoor air quality in selected Asian cities (1993–2008) 
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NAAQS, National Ambient Air Quality Standards; NO2, nitrogen dioxide; PM10, particulate matter with particles of aerodynamic diameter 
< 10 μm; SO2, sulfur dioxide.
Air quality data are compiled by CAI-Asia Center from official sources (publications, personal communications) for 243 Asian cities, as of April 
2010.
The US EPA NAAQS does not have a standard for PM10, whereas the EU and WHO apply the same standards for NO2 and SO2.
Reprinted from Clean Air Asia (2010).
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Fig. 1.33 Annual PM10 concentrations (μg/m3) in 230 Asian cities

2 

Each dot represents annual 
average PM10 concentrations 

for 2008.

11 µg/m3

375 µg/m3

PM10, particulate matter with particles of aerodynamic diameter < 10 μm.
Reprinted from Clean Air Asia (2010).

Fig. 1.34 Annual SO2 concentrations (μg/m3) in 213 Asian cities

Each dot represents annual 
average SO2 concentrations 

for 2008.

1.3 µg/m3

105 µg/m3

SO2, sulfur dioxide.
Reprinted from Clean Air Asia (2010).
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PM2.5

PM2.5 levels have increased in medium to 
large Asian cities. Only a few Asian countries 
have set PM2.5 air quality standards, and of those 
countries, none have standards equivalent to 
the WHO AQG, but generally the standards are 
close to the WHO interim target. The popula-
tion-weighted annual average concentrations of 
PM2.5 were estimated to range between 16 μg/m3 
and 55  μg/m3, with the highest levels observed 
in East Asia, followed by South Asia, in 2005 
(Brauer et al., 2012).

A multicity study examined the seasonal 
variations of PM2.5 mass concentrations and 
species in mixed urban areas (2001–2004) in 
six Asian cities: Bandung (Indonesia), Bangkok 
(Thailand), Beijing (China), Chennai (India), 
Manila (Philippines), and Hanoi (Viet Nam) 
(Table  1.12). These cities differed in geograph-
ical location, topography, energy use, industry, 
mix of vehicles, and density. The climate of the 
region is dominated by monsoons, with two 
distinct seasons, dry and wet, although each dry 

and wet season may cover different months of 
the year in different countries. In these cities, the 
major components of PM2.5 and PM10 were found 
to be organic matter (calculated in this study 
as 1.7 times the OC content); crustal material, 
including aluminium, calcium, silicon, titanium, 
iron, potassium, and their oxides; the secondary 
aerosols NO3

− and SO4
2−; and EC/BC. The 

“trace metals” group included all the remaining 
elements except crustal elements, sodium, 
and sulfur. OC was not analysed in most sites, 
except for the Bangkok Metropolitan Region and 
Beijing; hence, comparison of OC levels was not 
possible. In all these cities, the levels of PM10 and 
PM2.5 were found to be high, especially during 
the dry season, frequently exceeding the US EPA 
standard for PM10 and PM2.5, especially at the 
traffic sites (Kim Oanh et al., 2006).

PAHs in particles are also important in Asia. 
Shen et al. (2013) estimated that Asian countries 
contributed 53.5% of the global total PAH emis-
sions, with the highest emissions from China 
(106 Gg) and India (67 Gg) in 2007.

Fig. 1.35 Annual NO2 concentrations (μg/m3) in 234 Asian cities

Each dot represents annual 
average NO2 concentrations 

for 2008.

1.9 µg/m3

77 µg/m3

NO2, nitrogen dioxide.
Reprinted from Clean Air Asia (2010).
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(d) Other regions

(i) Africa
Measurements of air pollution in Africa are 

limited, and environmental agencies do not exist 
in all countries. World agencies provide some 
aggregate information for the continent, which 
can be complemented by local research, as air 
quality data in Africa are scarce.

Fig.  1.36 and Fig.  1.37 present the mean 
concentrations for PM measured with at least 
2  months of monitoring coverage in selected 
African cities. The limited data show that the 
concentrations range from 7 µg/m3 to more than 
100 µg/m3 for PM2.5 and from 12 µg/m3 to more 
than 230  µg/m3 for PM10 in the African cities 
studied. Among the reported air pollution meas-
urement campaigns, Dionisio et al. reported the 
geometric mean concentrations of PM2.5 and 
PM10 along the mobile monitoring path [street-
level monitoring] of 21  µg/m3 and 49  μg/m3, 
respectively, in the neighbourhood with the 

highest socioeconomic status and 39 µg/m3 and 
96  μg/m3, respectively, in the neighbourhood 
with the lowest socioeconomic status and the 
highest population density in Accra, Ghana. The 
factors that had the largest effects on local PM 
pollution were nearby wood and charcoal stoves, 
congested and heavy traffic, loose-surface dirt 
roads, and trash burning (Dionisio et al., 2010a).

(ii) South America
Continuous measurements of air pollution are 

available in more than half of the South American 
countries. However, the spatial distribution of 
air monitoring stations in South America is not 
balanced. For instance, in Brazil monitoring 
stations are located mostly in large metropolitan 
regions and do not cover the remaining areas of 
Brazil; only 8 out of 27 Brazilian states (including 
the Federal District) have set up air monitoring 
networks. Fig 1.38 and Fig. 1.39 summarize the 
most recent data on PM concentrations in South 
American countries; concentrations ranged from 

Table 1.12 City-wise average mass and major components of PM2.5 (μg/m3) during the dry and wet 
seasons in six cities in Asia (2001–2004)

Cities, country Number 
of samples

Massa Crustal Organic 
matter

Soot Sea 
salt

NH4
+ NO3

− SO4
2− Trace 

elements
Percentage 
of mass 
explained

Dry season PM2.5

Bangkokb, Thailand 181 50 1.1 21.4 8.2 1.7 1.6 1.2 5.6 0.4 80
Beijing, China 142 168 9.9 64.3 18.7 1.6 12.5 14.2 20.8 1.5 40
Chennai, India 83 46
Bandung, Indonesia 106 53 2.8 – 9.8 0.7 3.4 5.5 8.2 0.8 59
Manila, Philippines 407 44 1.4 – 21.6 0.9 – – (1.5)c 0.7 56
Hanoic, Viet Nam 75 124 7.5 – – 1.1 – – (6.0)c 7.1 18
Wet season PM2.5

Bangkokb, Thailand 106 18 0.9 – 5.3 1.5 0.5 0.4 2.4 0.3 71
Beijing, China 115 104 4.5 19.2 5.3 0.5 10.4 12.0 17.9 1.0 57
Chennai, India 10 42
Bandung, Indonesia 38 38 3.1 – 7.5 0.8 3.9 3.5 6.3 1.5 71
Manila, Philippines 376 43 1.4 – 22.7 0.9 – – (0.8) 1.6 63
Hanoic, Viet Nam 21 33 4.0 – 4.3 – – – – 3.8 47

a  Average of all sites in the city.
b  Bangkok metropolitan area.
c  Hanoi metropolitan region.
Adapted from Kim Oanh et al. (2006).
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22 µg/m3 to 70 µg/m3 for PM10 and from 7 µg/m3 
to 35 µg/m3 for PM2.5.

Besides high PM concentrations measured 
in South American cities, high concentrations of 
formaldehyde were reported in some countries, 
such as Brazil. In downtown Rio de Janeiro, 

mean formaldehyde concentrations rose 4-fold 
from 1998 to 2002, to 96 μg/m3 (with peak 2-hour 
concentrations as high as 138  μg/m3) (Corrêa 
& Arbilla, 2005). A further 10-fold increase in 
formaldehyde concentrations was reported in Rio 
de Janeiro from 2001 to 2004, as a consequence 

Fig. 1.36 PM10 concentrations (μg/m3) in selected African cities
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PM10, particulate matter with particles of aerodynamic diameter < 10 μm.
Compiled by the Working Group with data from Lindén et al. (2012), WHO (2011), Tchuente et al. (2013), Almeida-Silva et al. (2013), Petkova 
et al. (2013), Laïd et al. (2006), WHO (2011), Abu-Allaban et al. (2007), Dionisio et al. (2010a, b), Arku et al. (2008), Mkoma et al. (2009, 2010), 
Wichmann & Voyi (2012), and Kuvarega & Taru (2008).



IARC MONOGRAPHS – 109

90

of the introduction of compressed natural gas 
vehicles in 2000 (Martins et al., 2007).

(iii) The Middle East
WHO (2011) depicts air monitoring informa-

tion for 39% of the Middle East countries. Air 
pollution monitoring coverage in the Middle 
East is similar to that in South American coun-
tries – 67% of both regions have some type of air 
quality data available; however, the air pollution 
monitoring sites are not evenly distributed across 
Middle East countries. Fig  1.40 and Fig.  1.41 
depict PM concentrations across the Middle East; 
concentrations mostly ranged from 25  µg/m3 
to 100  µg/m3 for PM10 and from 50  µg/m3 to 
300 µg/m3 for PM2.5.

(iv) Australia
Between 1999 and 2008, there were significant 

decreases in the levels of air pollution in Australia. 
Levels of CO, NO2, SO2, and lead in urban areas 
declined to levels significantly below the national 
air quality standards. However, levels of PM and 
ozone did not decrease significantly over the 

time period. Between 1999 and 2008, the median 
1-hour and 4-hour ozone levels varied between 
0.02 ppm and 0.04 ppm in most Australian cities; 
the higher levels (~0.04 ppm) were observed in 
some areas including South East Queensland 
and Toowoomba. For PM, the median annual 
levels of PM10 remained at 15–20 μg/m3 and the 
PM2.5 levels were 5–10 μg/m3 in most Australian 
cities in 2008 (Australian Government, 2010).

1.4.2 Exposure assessment in epidemiological 
studies

Epidemiological studies of relationships 
between air pollution exposure and cancer 
require long periods of observation and large 
populations. Therefore, it is virtually impossible 
with currently available approaches to assess 
exposure via personal monitoring (which is here 
distinguished from biomarkers of exposure, 
which are discussed in Section 1.4.3). Accordingly, 
epidemiological studies use outdoor air pollution 
concentrations as the primary basis for exposure 

Fig. 1.37 PM2.5 concentrations (μg/m3) in selected African cities
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PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm.
Compiled by the Working Group with data from Boman et al. (2009), Tchuente et al. (2013), Abu-Allaban et al. (2007), Dionisio et al. (2010a, b), 
Arku et al. (2008), Kinney et al. (2011), van Vliet & Kinney (2007), WHO (2011), Petkova et al. (2013), Mkoma et al. (2010), Worobiec et al. (2011), 
and Kuvarega & Taru (2008).
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estimation. Given that air quality monitoring is 
typically limited to measurements of a relatively 
small number of indicator pollutants collected 
at a limited number of discrete locations, 
epidemiological studies and risk assessments 
have typically used several approaches to esti-
mate exposures of study subjects. Of particular 

importance for assessment of cancer is the ability 
to assess exposures over long time periods. An 
ideal assessment of long-term exposure requires 
both residential histories for the study population 
of interest and estimates of outdoor air pollution 
concentrations for periods of 20–30  years (life 
course). Prospective cohort studies following 

Fig. 1.38 PM10 concentrations (μg/m3) in selected South American cities
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populations over long time periods with a focus 
on air pollution are rare; therefore, most studies 
require a retrospective exposure assessment 
approach. The ability to assign exposures retro-
spectively is often limited by the availability of 
historical exposure information or by the lack 
of residential histories. Several studies have 
evaluated the extent to which spatial patterns in 
measurements of NO2 remain stable over time 
by repeating spatial measurement campaigns 
separated by periods of 7–18 years (Eeftens et al., 
2011; Cesaroni et al., 2012; Gulliver et al., 2013; 
Wang et al., 2013). These studies suggest that 

although concentrations may change dramati-
cally over time, the spatial patterns in concen-
trations remain quite similar. This suggests that 
studies of spatial contrasts in pollution based 
on information collected to represent one time 
period may be applied to other time periods 
using temporal trends, derived for example from 
a limited number of monitoring sites within the 
study area (Hystad et al., 2012). However, caution 
is needed in making extrapolations over longer 
periods of time, for more dynamic study areas, or 
for sites where major air pollution interventions 
took place.

Fig. 1.39 PM2.5 concentrations (μg/m3) in selected South America cities
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(a) Outdoor air quality monitoring

The most traditional approach to estimate 
exposure is based on assignment of measured 
outdoor air pollutant concentrations to the study 
populations. Only rarely are these measurements 

specifically designed for the purposes of expo-
sure assessment. One prominent exception is the 
Harvard Six Cities Study, in which air quality 
measurements in each study community were 
initiated at subject enrolment and continued in 
some form for much of the prospective follow-up 

Fig. 1.40 PM10 concentrations (μg/m3) in selected Middle East cities
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period (Lepeule et al., 2012). In this case, the expo-
sure assignment was based on a centrally located 
monitor in each community, and no adjust-
ments were made for participants who changed 
addresses within each community as all subjects 
within a specific community were assigned the 
same exposure. A similar approach was applied 
in a Japanese cohort study where exposure was 
assigned based on address at study entry, and 
the analysis was restricted to those subjects who 
had resided in the study area for at least 10 years 
before enrolment and remained in the area 
during a 10-year follow-up period (Katanoda 
et al., 2011). In that study, the primary exposure 
metric of interest, PM2.5, was estimated based on 
measured SPM levels using a subanalysis in which 

PM2.5:SPM ratios were measured. Although this 
ratio was developed only for a specific time period 
and differed somewhat between study locations, 
a single ratio was applied to all areas. In the 
American Cancer Society’s Cancer Prevention 
Study II (CPS-II) cohort (Turner et al., 2011), a 
single community-based monitor or the average 
of multiple monitors within each study commu-
nity was used for exposure assignment. In that 
study, residential history was not considered 
because exposure assignment was based on the 
residential location at study entry. An identical 
method of assignment was used by Cao et al. 
(2011) in their assessment of air pollution and 
lung cancer in China. [Although these examples 
of exposure based on centrally located air quality 

Fig. 1.41 PM2.5 concentrations (μg/m3) in selected Middle East cities
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monitors do not include within-city variation 
in concentrations, this approach to estimating 
exposure may be valid if the within-city varia-
bility in concentrations is less than the between-
city variability, as might be the case for PM2.5 but 
is less likely to be so for NO2. Where individual 
exposures are imputed from central monitors, 
there will be resulting measurement error, which 
will have an impact on the bias and variance of 
subsequent effect size estimates. The importance 
of these errors will be greater if the inter-monitor 
variance is small relative to total inter-individual 
variance.]

Other approaches using community-based 
air quality monitors allow some level of individ-
ual-level exposure assignment based on with-
in-area variability in pollutant concentrations, by 
assigning exposures based on the nearest monitor 
to the residential address of each study partici-
pant (Heinrich et al., 2013) or using geostatistical 
averaging such as inverse-distance weighting of 
measurements from available monitors within 
a defined study area (Lipsett et al., 2011). [All 
of these approaches do provide highly accurate 
descriptions of temporal variation at fine reso-
lution and allow assessment of exposures during 
specific time windows.]

(b) Proximity measures

Although the above-mentioned approaches 
provide quantitative information on exposures 
to specific pollutants, they are limited in their 
ability to evaluate impacts of specific sources and 
are limited to areas with available outdoor pollu-
tion monitoring. In particular, many studies 
exclude subjects who reside beyond a specific 
distance from an available air monitoring site. 
Furthermore, there is increasing interest in eval-
uating differences within populations that may 
reside in the same community. One of the simplest 
approaches to estimating individual exposures 
is to measure proximity to specific pollutant 
sources, such as major roads (Heinrich et al., 
2013) or industrial point sources (López-Cima 

et al., 2011). These examples estimate exposure by 
the distance (which may be described by linear 
or nonlinear functions) between a subject and a 
source. Source intensity measures, such as traffic 
counts over time or within a defined area, have 
also been used (Beelen et al., 2008; Raaschou-
Nielsen et al., 2011). If subject residential histo-
ries are available, then such proximity estimates 
can be limited to specific time periods of interest 
or weighted over the full period of follow-up. 
As described in Section  1.4.1a, deterministic 
concentrations gradients based on proximity to 
major roads and industrial sources have been 
used to estimate exposure to several carcinogenic 
air pollutants in outdoor air in Canada (CAREX 
Canada, 2013; Setton et al., 2013). For each of 
these compounds, maps of estimated outdoor 
annual average concentrations allow exposure 
assignment at the individual level.

[Although proximity measures are simple to 
implement, often reflect gradients in measured 
concentrations, and allow studies of within-area 
exposure variation related to specific sources or 
source sectors, the relationship between prox-
imity and levels of pollution will differ between 
studies conducted in different locations or at 
different times. This limits comparability of 
studies and does not allow quantification of 
adverse impacts in relation to pollutant concen-
trations. Furthermore, while the proximity 
measure is assumed to be a surrogate of expo-
sure to air pollution, it may also reflect varia-
tion in other exposures (e.g. noise, in the case of 
traffic proximity) and in other potential deter-
minants of health (e.g. socioeconomic status). 
Finally, proximity estimates generally have an 
overly simplistic representation of the physical 
processes related to pollutant fate and transport.]

(c) Atmospheric transport models

Given the understanding of a relatively 
high degree of variability in exposure within 
urban areas, often associated with motor vehicle 
traffic, several epidemiological studies have used 
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dispersion models to estimate concentrations of 
specific air pollutants over space and time. In 
this approach, estimates of emissions and mete-
orological data are used (typically in a Gaussian 
dispersion model framework) to estimate the 
dispersion of pollutants within an airshed. 
Simple models do not consider any chemical 
transformation and are therefore most appro-
priate for non-reactive pollutants (e.g. CO); more 
sophisticated chemical transport models also 
incorporate a large number of chemical reac-
tions and are designed to simulate atmospheric 
fate and transport, for example the production of 
secondary pollutants (Cesaroni et al., 2013). These 
models are designed for purposes other than 
health effects research, so their use in epidemi-
ological studies has been opportunistic. In most 
cases, this approach has focused on estimating 
individual exposures to traffic-related pollutants 
within a single study area (Nyberg et al., 2000; 
Bellander et al., 2001; Gram et al., 2003; Nafstad 
et al., 2004; Naess et al., 2007; Raaschou-Nielsen 
et al., 2010, 2011), although there are examples 
of applications at the national level (Carey et al., 
2013).

The Danish cohort studies (Raaschou-Nielsen 
et al., 2010, 2011) focus on traffic influences on 
NOx and NO2 combined with urban and regional 
background concentrations and have the notable 
advantages of both individual estimates of expo-
sure and detailed residential histories, so that 
exposure estimates are a time-weighted average 
of outdoor concentrations at all addresses for 
each participant during the 34-year study period. 
The models include time-varying inputs on 
traffic levels and emissions and adjustments for 
street-canyon effects with time-varying infor-
mation on building geometry. This approach also 
allows the estimation of exposure for different 
time windows, although estimates for the time 
of enrolment were strongly correlated (r = 0.86) 
with estimated exposures over the full period of 
follow-up (Raaschou-Nielsen et al., 2011).

The studies conducted in Oslo, Norway 
(Gram et al., 2003; Nafstad et al., 2003) incor-
porate emissions information for both traffic 
and point sources (industrial and space heating) 
to estimate individual-level exposures to SO2 
and NOx for each year over a 25-year period. 
Deterministic gradients were used for subjects 
living in proximity to specific streets with the 
highest levels of traffic, and persons who moved 
to outside of Oslo were assigned a regional value 
for each year. Subjects moving from outside of 
Oslo were also assigned regional exposure values 
based on available outdoor monitoring network 
data. Subsequent analyses in Oslo have included 
estimates for PM2.5 and PM10 (Naess et al., 2007) 
and incorporated emissions information from a 
larger set of source categories (traffic, road dust, 
wood burning) but were restricted to more recent 
and shorter time periods.

A very similar approach was used in a case–
control analysis of lung cancer in Stockholm 
County, Sweden, in which individual exposures 
to SO2, NO2, and NOx were estimated for each 
year over a 40-year period (Nyberg et al., 2000; 
Bellander et al., 2001). As in the Danish studies, 
the approaches applied in Oslo and Stockholm 
County allow individual exposure estimates 
covering different time windows.

The detailed data needed for dispersion 
modelling are seldom available at the national 
level. However, in a study in the United Kingdom, 
Carey et al. (2013) used emissions-based disper-
sion models to assign annual average concen-
trations of PM10, PM2.5, SO2, NO2, and ozone for 
1-km grid squares to the nearest postal code at 
the time of death. The model included emissions 
by source sector (e.g. power generation, domestic 
combustion, and road traffic), with pollutant 
concentrations estimated by summing pollut-
ant-specific components, such as point and local 
area sources.

[Although dispersion models have a strong 
physical basis, even they are typically simplified 
representations of atmospheric transport that do 
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not incorporate the complex physical and chem-
ical transformations that occur after emission. 
Given their reliance on emissions, such models 
also are limited by the quality of emissions data 
as well as the lack of microscale meteorological 
measurements. Furthermore, dispersion models 
require specialized expertise to run, and there 
has been relatively little evaluation of disper-
sion models with measurements or integration 
of available measurements into the modelling 
effort. All of the above-mentioned examples are 
also limited to individual urban areas, given the 
data requirements of dispersion models, and 
therefore this approach is typically only applied 
to studies of within-city variation, which are 
usually focused on a single source sector, such 
as traffic. Although Carey et al. (2013) applied 
dispersion modelling at a national scale, their 
approach did not account for residential history 
or temporal changes in exposure and has a larger 
spatial resolution (1 km) than those of the Danish 
and Oslo models (~5 m).]

Although it has not been applied to epidemi-
ological studies and is used as a screening-level 
assessment approach, the NATA (described in 
Section 1.4.1a) provides concentration estimates 
for several HAPs throughout the USA using a 
combination of dispersion, chemical transport, 
and exposure models (EPA, 2011b).

(d) Geospatial/land-use regression models

Land-use regression models or other geospa-
tial statistical models have increasingly been 
used to assess chronic exposures to air pollution. 
In a simple form, estimates of source density and 
proximity can be used to estimate source-spe-
cific exposures. For example, Raaschou-Nielsen 
et al. used as supplementary exposure measures 
the presence of a street with a traffic density of 
more than 10 000 vehicles per day within 50 m 
of a residence and the total number of kilo-
metres driven by vehicles within 200  m of the 
residence each day in a cohort analysis of cancer 
incidence for residents of two cities in Denmark 

(Raaschou-Nielsen et al., 2011). Chang et al. used 
the density of petrol stations as an indicator of a 
subject’s potential exposure to benzene and other 
pollutants associated with evaporative losses of 
petrol or to air emissions from motor vehicles in 
a study of lung cancer in Taiwan, China (Chang 
et al., 2009). Although no evaluation of the expo-
sure metric was conducted in this study, inverse 
distance to the nearest petrol station was asso-
ciated with outdoor concentrations of benzene 
and xylene compounds in the RIOPA study in 
the USA (Kwon et al., 2006).

Land-use regression models are more sophis-
ticated geospatial models in which pollutant 
measurements are combined with geograph-
ical predictors in a spatial regression model 
(Hoek et al., 2008a). This model is then used 
to predict concentrations of the air pollutant at 
unmeasured locations. These models have been 
especially useful in the assessment of exposure 
to variability in traffic-related air pollutant 
concentrations within urban areas. Note that the 
measurements used to develop models may be 
limited to available measurements from outdoor 
monitoring networks (Yorifuji et al., 2010, 2013), 
which are unlikely to fully capture the varia-
bility in outdoor concentrations or predictor 
variables, or from measurement campaigns of 
shorter duration (Cesaroni et al., 2013). Although 
land-use regression models often explain a high 
proportion (60–80%) of the variability in spatial 
measurements of air pollutant concentrations 
in a study area, if spatial correlation in model 
residuals exists, universal kriging may also be 
used for estimating exposures (Mercer et al., 
2011). Universal kriging is a more generalized 
form of spatial modelling in which information 
from nearby (spatially correlated) measurements 
influences predictions through an estimated 
correlation structure.

In some cases these models may also incor-
porate temporal variation derived from outdoor 
monitoring network data, but most typically 
they provide estimates of spatial variability only, 
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and it is assumed that this variability is stable 
over time – an assumption that has generally 
been supported by several measurement studies 
for periods of up to 18 years (Eeftens et al., 2011; 
Cesaroni et al., 2012; Gulliver et al., 2013; Wang 
et al., 2013). Models that do not rely on targeted 
measurement campaigns may also allow annual 
estimates to be made (Yorifuji et al., 2010, 2013).

Land-use regression estimates have also 
been combined with external monitoring data 
and proximity estimates in hybrid models. For 
example, Beelen et al. (2008) estimated exposure 
to outdoor air pollution at the home address 
at study entry as a function of regional, urban, 
and local components. The regional background 
concentrations were estimated using inverse-
distance-weighted interpolation of measured 
concentrations at regional background outdoor 
monitoring sites. The urban component was esti-
mated using land-use regression models devel-
oped using only regional and urban background 
monitoring site data, and the sum of the regional 
and urban contributions was defined as the back-
ground concentration. Background concentra-
tions were estimated for NO2, black smoke, and 
SO2. Estimates were made for 5-year intervals 
during a 20-year study period. The local traffic 
contribution was based on several measures 
of traffic intensity and proximity. In addition, 
quantitative estimates for the local component 
were estimated with regression models incor-
porating field monitoring measurements and 
traffic variables. The local component was added 
to background concentrations for an overall 
exposure estimate for each pollutant. [Land-use 
regression models are relatively easy to imple-
ment and, given their use of pollutant measure-
ments, are capable of providing reliable estimates 
of exposure to a large number of specific pollut-
ants as well as source indicators (Jerrett et al., 
2005). Confidence in model use depends on 
adequate geographical and pollutant monitoring 
data, especially the inclusion of targeted moni-
toring that characterizes variability both in air 

pollutant concentrations and in geographical 
predictors within the study area. Reliability can 
be quite high, especially with increasing numbers 
of observation locations.]

(e) Remote sensing

A more recent development for application 
to epidemiological studies has been the use of 
remote-sensing-based estimates of air pollution. 
For example, van Donkelaar et al. (2010) devel-
oped a global model of long-term average PM2.5 
concentration at a spatial resolution of about 
10  ×  10  km. This approach combines aerosol 
optical depth (AOD) (a measure of the scattered 
light from all aerosol within the total column 
between the Earth’s surface and the satellite) 
with information from a chemical transport 
model on the vertical stratification of aerosol 
as well as its composition to estimate time- and 
location-specific factors to relate AOD to surface 
PM2.5. Estimates derived from this approach were 
combined with surface monitoring data and esti-
mates from a different chemical transport model 
to estimate exposures for the Global Burden of 
Disease Study 2010 (Brauer et al., 2012; Lim et al., 
2012). Useful satellite retrievals have been avail-
able since about 2000 and have been combined 
with available surface monitoring data to provide 
backcasted spatially resolved estimates for earlier 
periods (Crouse et al., 2012; Hystad et al., 2013), 
as described in more detail below. Satellite-based 
estimates are available globally for a small group 
of pollutants, including PM2.5, NO2, ozone, and 
formaldehyde (Brauer et al., 2012; De Smedt 
et al., 2012; Lamsal et al., 2013).

[Remote-sensing-based estimates have the 
advantage of providing estimates of concen-
trations essentially anywhere in the world by 
a consistent approach, although they are best 
suited to between-location contrasts, given the 
currently available resolution on the order of 
10 × 10 km.]
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(f) Remote sensing and land-use regression 
hybrid models

Remote-sensing-based estimates have also 
been combined with land use and other geograph-
ical predictors in hybrid land-use regression-type 
models. Canadian researchers developed national 
estimates of long-term average concentrations of 
PM2.5 and NO2 in which satellite-based estimates 
were combined with deterministic gradients 
related to traffic and industrial point sources 
(Hystad et al., 2011). Although these models 
were only spatial and did not include a temporal 
component, in a subsequent effort (Hystad et al., 
2012), which was applied to a cohort analysis of 
lung cancer with detailed residential histories 
(Hystad et al., 2013), spatial satellite-based esti-
mates for PM2.5 and NO2 and chemical transport 
model estimates for ozone were adjusted retro-
spectively with annual air pollution monitoring 
data, using either spatiotemporal interpolation or 
linear regression to produce annual estimates for 
a 21-year period. In addition, proximity to major 
roads, incorporating a temporal weighting factor 
based on mobile-source emission trends, was 
used to estimate exposure to vehicle emissions, 
and industrial point source location proximity 
was used to estimate exposures to industrial 
emissions. In the USA, Novotny et al. (2011) 
developed a national spatiotemporal land-use 
regression model with 30  m spatial resolution 
and 1 hour temporal resolution based on a single 
year of available regulatory monitoring network 
data, satellite-based estimates, and geographical 
predictors (population density, land use based on 
satellite data, and distance to major and minor 
roads). To date, this model has not been applied 
in epidemiological analyses.

More recently, a novel spatiotemporal 
approach combining AOD and daily calibration 
to available monitoring network measurements 
with land-use data (Kloog et al., 2011) was applied 
to investigate the effect of long-term exposures 
to PM2.5 on population mortality (Kloog et al., 
2013).

(g) Bioindicators (lichens/pine needles)

Although there are only limited examples of 
applications to epidemiological analyses, several 
approaches using environmental biomonitors 
such as lichens and pine needles (Augusto et al., 
2010) as indicators of air pollution levels have 
been developed. For example, lichen biodiversity 
in north-eastern Italy was geographically corre-
lated with both measurements of SO2 and NO3 
and male lung cancer mortality, after correcting 
for spatial autocorrelation (Cislaghi & Nimis, 
1997). In risk assessment, measures of PAHs 
and heavy metals in lichens have been used to 
estimate exposures (Augusto et al., 2012; Käffer 
et al., 2012) and cancer risk. Augusto et al. used 
measurements of multiple PAH species in lichens 
to develop a spatial model related to industrial 
point-source emissions of PAHs (Augusto et al., 
2009). These approaches may prove to be useful 
in estimating historical exposures as the biomon-
itors can integrate deposited pollutant species 
over relatively long time periods.

1.4.3 Personal exposure and biomarkers

In recent decades a large number of studies 
have been published on personal exposure to 
major air pollutants (Wallace, 2000; Monn, 
2001). Research conducted since the early 1980s 
has indicated that personal exposure may 
deviate significantly from concentrations meas-
ured at fixed sites in the outdoor environment. 
Subsequent research has identified factors that 
are responsible for differences between outdoor 
and personal exposure. In this section, the 
factors affecting personal exposure are summa-
rized, followed by a discussion of validity studies 
in which indicators of exposure have been 
compared with actual measurements of personal 
exposure. There is also a brief discussion of the 
distinction between pollutants of outdoor origin 
and pollutants from indoor sources (Wilson 
et al., 2000; Ebelt et al., 2005; Wilson & Brauer, 
2006).
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Personal monitoring studies have been 
conducted for most of the major air pollutants, 
including PM, NO2, VOCs, and ozone (Monn, 
2001). Studies measuring PM have often used 
integrated samplers sampling PM2.5 or PM10, but 
real-time instruments based on light scattering 
have been used as well. Recently, studies have 
also measured personal exposure to ultrafine 
particles (Wallace & Ott, 2011; Buonanno et al., 
2014), focusing especially on commuters’ expo-
sures (Knibbs et al., 2011). Fewer studies have 
measured particle composition. Components 
that have been measured include EC or proxies 
of EC, aerosol acidity, PAHs, and elemental 
composition.

(a) Factors affecting personal exposure

For cancer, long-term average personal 
exposure is the biologically relevant exposure. 
Therefore, it is important to assess both the 
intensity of exposure and the duration. Exposure 
assessment in epidemiological studies of cancer 
and air pollution is often based on the residen-
tial address. Hence, residential history should 
be considered. A large number of studies have 
identified factors that affect the intensity of 
personal exposure to major air pollutants. These 
factors can be grouped into four broad groups: (i) 
concentration in outdoor air, at the residence and 
in the community; (ii) time–activity patterns, 
including residential history; (iii) infiltration of 
pollutants indoors; and (iv) indoor sources of 
pollutants. These factors are discussed further in 
the sections below, with a focus on air pollution 
including particles of outdoor origin.

(i) Concentration in outdoor air
People may be exposed to outdoor air pollut-

ants directly while spending time outdoors. 
However, a significant fraction of the exposure 
to outdoor air pollutants occurs while spending 
time indoors, as people generally spend a large 
fraction of their time indoors and pollutants 
penetrate into the indoor environment. Because 
people spend a significant fraction of their time 
in or near their own home, exposure in epidemio-
logical studies is often characterized based on the 
residential address. Residential address informa-
tion is generally available from ongoing epide-
miological studies designed for purposes other 
than studying air pollution effects. Most often 
the outdoor concentration at the address is char-
acterized. A large number of studies have eval-
uated spatial variation of outdoor air pollution 
(Monn, 2001; HEI, 2010b). Spatial variation can 
be present at various scales, ranging from global 
to local (HEI, 2010b). Examples of the various 
scales of variation are illustrated in Fig.  1.42 
and Fig.  1.43, and in Fig.  1.3 in Section  1.4.1a. 

Fig. 1.42 Estimated United Kingdom annual 
average background PM10 concentrations  
(μg/m3) during 2002
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12 – 14

14 – 16

16 – 18

18 – 20

20 – 22

22 – 24

Above 24

PM10, particulate matter with particles of aerodynamic diameter 
< 10 μm.
Reprinted from Air Quality Expert Group (2005). © Crown copyright 
2005.
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Contrasts across countries within a continent are 
discussed further in Section 1.4.1.

As Fig.  1.43 illustrates, within urban areas, 
significant spatial variation is present related to 
proximity to major roads. Large gradients with 
distance to major roads have been identified for 
traffic-related pollutants, including NO2, CO, 
benzene and other VOCs, EC, and ultrafine 
particles (HEI, 2010b). Gradients are relatively 
small for PM2.5 and PM10 compared with, for 
example, EC (HEI, 2010b; Janssen et al., 2011). 
A summary of studies measuring both PM2.5 or 
PM10 and BC reported an average ratio of 2 for 

BC and 1.2 for PM concentrations at street sites 
compared with urban background levels (Janssen 
et al., 2011). Spatial gradients vary significantly 
by pollutant and are nonlinear near major roads, 
with steep decreases in the first 50–100  m and 
smaller decreases up to about 300–500 m (HEI, 
2010b). In compact urban areas, gradients from 
major roads are much smaller.

A growing number of studies have docu-
mented significant exposures to a range of 
traffic-related air pollutants, including fine 
and ultrafine particles, EC, and VOCs, while 
in transit, including walking, cycling, car and 

Fig. 1.43 Annual average PM10 concentrations (μg/m3) in London calculated for 2004

PM10, particulate matter with particles of aerodynamic diameter < 10 μm.
Reprinted from Air Quality Expert Group (2005). © Crown copyright 2005.
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bus driving, and underground (Fig.  1.44; Kaur 
et al., 2007; de Hartog et al., 2010; Zuurbier et al., 
2010; de Nazelle et al., 2011). Commuters’ expo-
sures further differ significantly with route, and 
despite the relatively short time typically spent 
in traffic, significant contributions to average 
personal exposure may occur (Marshall et al., 
2006; Kaur et al., 2007; Van Roosbroeck et al., 
2008; de Nazelle et al., 2013; Dons et al., 2012, 
2013). Van Roosbroeck et al. (2008) found that 
time spent in traffic was a significant predictor of 
48-hour personal exposure to soot and PM2.5 in 
elderly adults in the Netherlands. A study in 62 
volunteers in Belgium reported that 6% of time 
was spent in traffic, but the contribution to the 
measured 24-hour average personal exposure 
to BC was 21%, and to calculated inhaled doses 
was 30% (Dons et al., 2012). Home-based activi-
ties, including sleep, accounted for 65% of time, 
52% of exposure, and 36% of inhaled dose (Dons 
et al., 2012). For volunteers in Barcelona, Spain, 

in-transit exposures accounted for 6% of time, 
11% of NO2 exposure, and 24% of inhaled dose 
(de Nazelle et al., 2013). Setton and co-workers 
documented that ignoring residential mobility in 
epidemiological studies using individual-level air 
pollution may (modestly) bias exposure response 
functions towards the null (Setton et al., 2011).

(ii) Time–activity patterns
A range of surveys in developed countries 

have shown that most people spend a large frac-
tion of their time indoors. An example is shown 
from the large National Human Activity Pattern 
Survey (NHAPS) in the USA (Fig. 1.45; Klepeis 
et al., 2001). On average, subjects spent 87% of 
their time indoors, of which a large fraction 
was spent in their own residence. Time spent 
outdoors accounted for about 2 hours of the day. 
These broad patterns have been found in other 
surveys as well (Jenkins et al., 1992; Leech et al., 
2002).

Fig. 1.44 Concentrations in modes of transportation and at the urban background location on 
corresponding sampling days

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm; PNC, particle number concentration.
Reproduced from Environmental Health Perspectives (Zuurbier et al., 2010).
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However, individual time–activity patterns 
differ substantially, related to factors such as age, 
employment, and socioeconomic status. A recent 
survey showed that German children spent on 
average 15.5  hours per day in their own home 
(65% of time), 4.75 hours in other indoor loca-
tions (for a total of 84% of time spent indoors), 
and 3.75 hours outdoors (16% of time) (Conrad 
et al., 2013). The German survey did not distin-
guish between “outdoors” and “in traffic,” which 
may be partly responsible for the share of time 
spent outdoors.

Time–activity patterns vary significantly 
over the day, as does the air pollution concentra-
tion, supporting the use of more dynamic expo-
sure estimates (Beckx et al., 2009). Time–activity 
patterns may thus differ across population 
groups (related to age, sex, employment status, 
socioeconomic position, and other factors), 
contributing to contrasts in exposure between 
population groups beyond contrasts in outdoor 
concentrations. A study in Delhi, India, showed 

a high proportion of time spent indoors, with 
significant variability across population groups 
(Saksena et al., 2007).

The contribution to time-weighted average 
exposure is a function of the time spent in a 
microenvironment and the concentration in 
that microenvironment. Thus, for pollutants that 
infiltrate poorly indoors, the relatively short time 
spent outdoors, including in transit, may never-
theless amount to a significant fraction of total 
exposure.

Because of the large fraction of time spent 
in the home, residential history is an important 
determinant of long-term average exposure to air 
pollution. In epidemiological studies, air pollu-
tion exposure is often assigned based on the most 
recent address or the address at recruitment into 
the (cohort) study. Because a significant number 
of subjects may change address before inclusion 
in the study or during follow-up, misclassifi-
cation of exposure may occur. This is particu-
larly problematic because limited information 
is available about the critical window of expo-
sure. In a study in California of children with 
leukaemia, residential mobility differed with 
age and socioeconomic status, and accounting 
for residential mobility significantly affected the 
assigned neighbourhood socioeconomic status 
and urban/rural status (Urayama et al., 2009). A 
case–control study in Canada reported that in the 
20-year exposure period, 40% of the population 
lived at the same address (Hystad et al., 2012). The 
correlation between air pollution exposure esti-
mates with and without residential history was 
0.70, 0.76, and 0.72 for PM2.5, NO2, and ozone, 
respectively. About 50% of individuals were 
classified into a different PM2.5, NO2, and ozone 
exposure quintile when using study-entry postal 
codes and spatial pollution surfaces, compared 
with exposures derived from residential histories 
and spatiotemporal air pollution models (Hystad 
et al., 2012). Recall bias was reported for self-re-
ported residential history, with lung cancer 
cases reporting more residential addresses than 

Fig. 1.45 Time spent in various 
microenvironments by subjects in the USA

Reprinted from Klepeis et al. (2001) by permission from Macmillan 
Publishers Ltd: Journal of Exposure Science and Environmental 
Epidemiology, Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang 
AM, Switzer P et al. The National Human Activity Pattern Survey 
(NHAPS): a resource for assessing exposure to environmental 
pollutants, Volume 11, Issue 3, pages 231–252, copyright (2001).
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controls (Hystad et al., 2012). In a Danish cohort 
study, exposure was characterized as the average 
concentration of all addresses 20–25 years before 
enrolment and during follow-up weighted with 
the time lived at an address (Raaschou-Nielsen 
et al., 2011). People moved on average 2.4 times 
before enrolment and 0.3 times during follow-up. 
Exposure estimates from different periods were 
highly correlated (Section 1.4.2).

(iii) Infiltration of pollutants indoors
Because people generally spend a large 

fraction of their time indoors and outdoor air 
pollution infiltrates indoors, this section exam-
ines relationships between outdoor and indoor 
pollutant levels.

Mass-balance models have been used exten-
sively to describe the concentration in indoor air 
as a function of outdoor air and indoor sources. 
The indoor concentration of an air pollutant can 
be expressed simply as Cai = Finf Ca, where Cai = is 
the indoor pollutant concentration originating 
from outdoors, Finf is defined as the infiltration 
factor, and Ca is the ambient (outdoor) concen-
tration. The infiltration factor describes the frac-
tion of outdoor pollution that penetrates indoors 
and remains suspended. Penetration efficiency 
depends on several factors, including the air 
velocity, the dimensions of the opening, and 
the particle size, with ultrafine and especially 
coarse particles penetrating less efficiently (Liu 
& Nazaroff, 2001).

Hänninen et al. (2011) evaluated the original 
data of European studies of indoor–outdoor 
relationships for PM2.5. The overall average infil-
tration factor was 0.55, illustrating significant 
infiltration of outdoor fine particles. A review 
including European and North American studies 
reported infiltration factors of 0.3–0.82 for PM2.5 
(Chen & Zhao, 2011). Since people in Europe and 
North America spend a large fraction of their 
time indoors, human exposure to fine parti-
cles of outdoor origin occurs mostly indoors. 
Infiltration factors were consistently higher 

in the summer than in the winter (Hänninen 
et al., 2011). A study in seven cities in the USA 
included in the MESA Air study also reported 
high infiltration factors in the warm season 
(Allen et al., 2012). The implication is that for the 
same outdoor concentration, the actual human 
exposure is higher in the summer than in the 
winter. Higher infiltration factors in the summer 
are explained by higher air exchange rates in the 
summer than in the winter.

In the four European cities included in the 
RUPIOH study, infiltration factors for ultrafine 
particles assessed by total particle number 
counts were somewhat lower than those for 
PM2.5 (Table 1.13; Hoek et al., 2008b) but higher 
than those for coarse particles. A large study in 
Windsor, Ontario, Canada, that measured total 
particle number counts reported infiltration 
factors of 0.16–0.26, with a large variability for 
individual homes (Kearney et al., 2011). The lower 
infiltration of ultrafine particles is consistent 
with lower penetration and higher decay rates 
due to diffusion losses compared with accumu-
lation mode particles. Studies in the USA that 
measured particle size distributions have also 
found lower infiltration factors, on the order 
of 0.5 for particles in the ultrafine range and 
up to 0.7 for PM2.5 (Abt et al., 2000; Long et al., 
2001; Sarnat et al., 2006). A study conducted 
in a Helsinki, Finland, office found that indoor 
particle number concentrations tracked outdoor 
concentrations well but were only 10% of the 
outdoor concentrations (Koponen et al., 2001). 
A study in two empty hospital rooms in Erfurt, 
Germany, reported a high correlation between 
indoor and outdoor concentrations of PM2.5, 
black smoke, and particle number concentration 
and an indoor–outdoor ratio of 0.42 for total 
number concentration, compared with 0.79 for 
PM2.5 (Cyrys et al., 2004). There is thus a large 
range in reported infiltration factors, related to 
differences in air exchange rates and building 
characteristics, and likely also to differences in 
measurement methods across studies.
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The composition of particles infiltrated 
indoors also differs from the outdoor composi-
tion. Infiltration factors for EC exceeded those 
for PM2.5 significantly (Fig. 1.46). EC is concen-
trated in submicrometre particles, is non-vola-
tile, and has few indoor sources (Noullett et al., 
2010). Although smoking affects EC levels, the 
impact is less than on PM2.5 concentrations 
(Götschi et al., 2002). A detailed analysis of the 
RIOPA study showed that 92% of the indoor EC 
concentration was due to outdoor EC, whereas 
the corresponding contribution for PM2.5 was 
53% (Meng et al., 2009).

Sulfates have few indoor sources and high 
infiltration factors (Noullett et al., 2010). Indoor 
concentrations of SO2 in the absence of indoor 
sources (e.g. unvented kerosene heaters) are typi-
cally low, related to large losses to indoor surfaces 
(Koutrakis et al., 2005).

Nitrates typically show low infiltration 
factors, ranging from 0.05 to 0.2 in studies in 
Europe and the USA (Sarnat et al., 2006; Hoek 
et al., 2008b). Indoor concentrations of NO2 in 
the absence of indoor sources (e.g. gas cooking, 
unvented heaters) are substantially lower than 
outdoor concentrations (Monn, 2001). In a recent 
review of studies of personal and outdoor NO2 
exposure, the overall average personal–outdoor 
regression slope was between 0.14 and 0.40, 
depending on the study type (Meng et al., 2012a). 
A study in Spain reported indoor–outdoor slopes 

of 0.20 and 0.45 for two cities, after adjusting for 
the large influence of gas cookers and gas heaters 
(Valero et al., 2009). Personal exposure may be 
affected by more factors, but studies have shown 
that the indoor concentration is the dominant 
factor, with large heterogeneity observed between 
studies (Monn, 2001; Meng et al., 2012a).

Indoor ozone concentrations are typically 
low because ozone is a highly reactive component 
with a high decay rate and no indoor sources in 
residences (Monn, 2001). Indoor–outdoor ratios 
of between 0.2 and 0.8 were reported in previous 
studies, depending on air exchange rates (Monn, 
2001). A recent analysis of the DEARS study 
in Detroit, USA, reported a personal–outdoor 
regression slope of 0.03 in summer and 0.002 in 
winter (Meng et al., 2012b), even lower than that 
for NO2 and much lower than that for PM2.5.

In large-scale epidemiological studies, 
indoor measurements of infiltration factors are 
not feasible. Hystad and co-workers developed a 
model for PM2.5 infiltration based on measure-
ments in 84 North American homes and publicly 
available predictor variables, including meteor-
ology and housing stock characteristics (Hystad 
et al., 2009). A model including season, tempera-
ture, low building value, and heating with forced 
air predicted 54% of the variability in measured 
infiltration factors (Hystad et al., 2009). Low 
building value increased infiltration factors, 
increasing exposure contrasts across different 

Table 1.13 Infiltration factors estimated as regression slope for the relationships between indoor 
and outdoor 24-hour average concentrations of different particle metrics from the RUPIOH 
study

Pollutant Helsinki, Finland Athens, Greece Amsterdam, Netherlands Birmingham, United Kingdom

PM2.5 0.48 0.42 0.39 0.34
PM10 – PM2.5 0.14 0.16 0.11 0.13
PNC 0.42 0.42 0.19 0.22
Soot 0.63 0.84 0.78 0.71
Sulfate 0.59 0.61 0.78 0.61
PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm; PNC, particle number concentration.
Data from Hoek et al. (2008b).
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socioeconomic groups. Other modelling studies 
in North America reported similar results, with 
a substantial fraction of the variability of infil-
tration factors explained by factors including 
window opening, air exchange rate, and presence 
or use of central air conditioning and forced air 
heating, with indications that predictors differ by 
season (Clark et al., 2010; Allen et al., 2012).

(iv) Indoor sources of pollutants
Numerous indoor sources, including tobacco 

smoking, cooking, heating, appliances, consumer 
products, building construction, and activities 
such as vacuum cleaning, have been identified to 
affect indoor concentrations and personal expo-
sure for a wide range of air pollutants (Weschler, 
2009).

Indoor sources affect different pollutants to a 
different degree. As noted above, sulfate and EC 
are affected more by outdoor air pollution than 
by indoor sources. Sulfate has therefore been 

used to evaluate the personal or indoor exposure 
to particles of outdoor origin (Sarnat et al., 2002).

(b) Pollutants from both indoor and outdoor 
sources

Several authors have stressed the importance 
of distinguishing between personal exposure from 
all sources and exposure indoors to pollutants 
from indoor and outdoor sources (Wilson et al., 
2000; Ebelt et al., 2005; Wilson & Brauer, 2006). 
The discussion was initiated in the framework of 
temporal studies of PM2.5 showing often modest 
correlations between total personal PM2.5 and 
outdoor PM2.5 concentrations. Scientific reasons 
to separate the two sources include that particle 
composition differs significantly depending on 
the source and that different particle composi-
tion might influence health effects. Furthermore, 
if the interest is in evaluating the health effects 
of outdoor pollution, then exposure to the same 
pollutant from indoor sources should be treated 

Fig. 1.46 Infiltration factors for PM2.5 and soot (EC, BC) measured in the same study

BC, black carbon; EC, elemental carbon; PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm.
Compiled by the Working Group with data from Wichmann et al. (2010), Sarnat et al. (2006), Brunekreef et al. (2005), Meng et al. (2009), 
Götschi et al. (2002), and Hoek et al. (2008b).
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as a potential confounder. The implication is that 
to assess agreement between often used exposure 
metrics and personal exposure, personal expo-
sure to pollutants of outdoor origin should be 
evaluated. It may also be important to distinguish 
pollution exposures originating from outdoor 
versus indoor sources for policy purposes.

(c) Validation studies

In this context, validation studies are studies 
that compare exposure metrics used in epidemio-
logical studies (e.g. modelled outdoor concentra-
tion) with personal exposure monitoring, which 
is usually considered as a more valid method of 
individual exposure assessment. A critical issue 
is that the correct comparison must be made 
between exposure metrics and personal expo-
sure, depending on the epidemiological study 
design and the health outcome of interest. For 
time-series studies of acute events, the interest 
is in the longitudinal (within-subject) variation 
in exposure levels, whereas for cohort studies 
assessing long-term exposures, the interest is 
in the between-subject variation of long-term 
averages.

Very few studies have assessed the validity of 
long-term outdoor exposure estimates as used 
in epidemiological studies for estimating long-
term average personal exposure, in contrast to 
the large literature on the temporal correlation 
of outdoor and personal exposure over shorter 
time intervals (Avery et al., 2010). It is chal-
lenging to collect sufficient personal exposure 
data to represent a long-term average exposure in 
a large group of subjects. Consequently, most of 
the personal monitoring studies discussed previ-
ously rely on a single or a few 24-hour measure-
ments. First, studies evaluating fine-spatial-scale 
outdoor exposure metrics are discussed. Next, 
studies assessing differences in personal expo-
sure between cities are discussed.

A study in Amsterdam reported significantly 
higher outdoor concentrations of PM2.5, soot, 
PAHs, and benzene measured near high-traffic 

homes compared with low-traffic homes (Fischer 
et al., 2000). These contrasts were also found for 
indoor concentrations; for example, for soot, 
concentration ratios of 1.8 for high- versus 
low-traffic homes were found for both indoor 
and outdoor measurements (Fischer et al., 2000). 
Another study in Amsterdam reported ratios of 
soot concentrations for high- versus low-traffic 
homes of 1.19 to 1.26 for 24-hour measure-
ments indoors and of 1.29 for personal exposure 
(Wichmann et al., 2005). A study in Utrecht 
comparing air pollution exposures of elderly 
adults living near major roads versus minor roads 
found larger differences for soot than for PM2.5 
and NO2 using both personal and environmental 
measurements (Van Roosbroeck et al., 2008).

A study among volunteers in Helsinki, 
Barcelona, and Utrecht found a significant 
correlation between long-term average residen-
tial outdoor soot concentrations estimated by 
city-specific land-use regression models and 
measured average personal exposure (Montagne 
et al., 2013). Within the individual cities, no 
consistent association was found between 
land-use regression-modelled NO2 and PM2.5 
concentrations and personal exposures, but 
modelled and measured exposures to all pollut-
ants were highly correlated when all data from 
all three cities were combined. The finding of 
strong correlations between modelled and meas-
ured exposures in the combined data from the 
three cities may be relevant for studies exploiting 
exposure contrasts across cities.

Two Dutch studies in children reported 
significant correlation between NO2 exposure 
measured at school and personal exposure, which 
remained after accounting for indoor sources 
including gas cooking (Rijnders et al., 2001; van 
Roosbroeck et al., 2007). In contrast, a Canadian 
study where the 72-hour personal NO2 exposure 
of elderly adults was measured in three seasons 
found no relationship between the modelled 
long-term average outdoor concentration and the 
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personal exposure measurements (Sahsuvaroglu 
et al., 2009).

Two studies reported consistently higher 
population average personal exposures in 
European cities with higher outdoor concentra-
tions (Monn et al., 1998; Georgoulis et al., 2002). 
Personal NO2 exposure was highly correlated 
with outdoor concentration in a study in eight 
Swiss cities and towns with large contrasts in 
outdoor NO2 concentration (Monn et al., 1998). 
The correlation between community average 
outdoor concentration and personal exposure 
was R2 = 0.965 (Fig. 1.47; Monn, 2001).

(d) Social inequalities in air pollution exposure

There is a large literature that has evaluated 
contrasts in air pollution exposures in associa-
tion with socioeconomic status (O’Neill et al., 
2003). In general, higher outdoor air pollution 
concentrations have been observed for subjects 
with lower socioeconomic status, related to resi-
dential location (O’Neill et al., 2003). However, 
the contrast in air pollution exposures across 
socioeconomic groups differs significantly 
between study areas and spatial scales, with 
several studies showing higher concentrations 
for individuals with higher socioeconomic status 
(Deguen & Zmirou-Navier, 2010). A study in 
Rome, Italy, reported that subjects living close to 
major roads had a higher socioeconomic position 
than subjects living further away from major 
roads (Cesaroni et al., 2010).

Most studies of air pollution and socioeco-
nomic status have evaluated outdoor pollutant 
concentrations with little attention to time–
activity patterns and indoor exposures. Higher 
indoor concentrations were reported in low-in-
come subjects, related to outdoor concentrations, 
indoor sources, and housing characteristics 
(Adamkiewicz et al., 2011). A study in Vancouver, 
Canada, reported higher wood smoke exposures 
and intake fractions in low-income neighbour-
hoods (Ries et al., 2009).

(e) Biomarkers of exposures

Biomarkers of exposure to outdoor air pollu-
tion have not been commonly used as the main 
method of exposure assessment in large-scale 
epidemiological studies of outdoor air pollu-
tion and cancer. However, associations between 
biomarkers of exposure and biomarkers of effect 
have been evaluated in smaller studies with tens 
to hundreds of subjects (see Section  4). In this 
context, biomarkers can contribute to eluci-
dating the pathway from exposure to cancer. 
Biomarkers could additionally be useful in retro-
spective exposure assessment, if appropriate 
biological material has been stored; however, a 
limitation of many biomarkers for this purpose is 
their relatively short half-life (Scheepers, 2008).

Associations of biomarkers with exposure to 
air pollution have been described in several recent 
reviews (Barbato et al., 2010; Møller & Loft, 2010; 
Demetriou et al., 2012; DeMarini, 2013; Rylance 
et al., 2013). Demetriou et al. (2012) specifically 
considered the utility of potential biomarkers of 
exposure to air pollution in a systematic review. 
The evidence of an association with external 
exposure was considered to be strong for 
1-hydroxypyrene (1-OHP), DNA adducts, and 
oxidized nucleobases, particularly 8-oxo-7,8-di-
hydro-2′-deoxyguanosine (8-oxodG). Studies in 
a wide variety of populations, including chil-
dren, mail carriers, traffic police, and profes-
sional drivers, have repeatedly found increases in 
1-OHP and in the frequency of DNA adducts in 
more exposed subjects (Demetriou et al., 2012).

It should be noted that the same markers can 
often be interpreted as indicators of early biolog-
ical effects, as well as of exposure (DeMarini, 
2013). Studies using these biomarkers and 
other markers of effect are reviewed in detail in 
Section 4.

1.4.4 Occupational exposure of outdoor 
workers

See Table 1.14.
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Workers who spend significant amounts of 
time outdoors may be occupationally exposed to 
outdoor air pollution. Although workers such as 
farmers, miners, and construction workers can 
face exposure to polluted air, emissions related to 
their work processes are the primary concern (e.g. 
diesel exposure in miners). Outdoor air pollution 
becomes an occupational exposure for workers 
who spend most or all of their working hours 
in polluted outdoor environments. Exposures 
for professional drivers, urban traffic police, 
mail carriers, toll booth operators, municipal 
workers, street vendors, service workers, and 
other outdoor occupations are often influenced 
by traffic-related emissions. Exposures from 
microenvironments influenced by polluted air 
can also be important for specialized groups 
of workers such as subway/underground metro 
workers and wildfire firefighters; the contribu-
tion of outdoor air pollution to occupational 
exposure in these instances can be substantial. 
However, few studies are designed to capture 
this contribution. Relying on fixed outdoor air 
quality monitors without exposure monitoring 
or reconstruction often fails to capture the range 

of exposures for such workers. This section 
describes the range of exposures to outdoor air 
pollution in occupational situations experienced 
by workers in selected jobs, as listed above. See 
Table 1.14.

(a) Traffic police

Urban traffic police are constantly exposed to 
traffic-related emissions while controlling traffic, 
and they may also be regarded as a model for 
worst-case exposures for air toxics. Many studies 
of traffic police have relied on outdoor air quality 
monitoring for criteria pollutants to highlight 
the potential for high occupational exposures 
directly attributable to the outdoor environment.

A review of traffic-related exposures (Han 
& Naeher, 2006) cited additional studies that 
reported high levels of outdoor exposures for 
VOCs including benzene, xylene, and toluene in 
the Republic of Korea (Jo & Song, 2001), India 
(Mukherjee et al., 2003), and Italy (Bono et al., 
2003).

Traffic police on duty at the roadside had 
significantly higher environmental expo-
sures to PAHs compared with police on office 

Fig. 1.47 Scatterplot for outdoor–personal (R2 = 0.965) and indoor–personal (R2 = 0.983) NO2 
ratios of aggregated data (annual mean estimates) in eight Swiss cities

N (indoor) = 1501, N (outdoor) = 1544, N (personal data) = 1494; NO2, nitrogen dioxide.
Reprinted from Monn (2001). Atmospheric Environment, Volume 35, Monn C, Exposure assessment of air pollutants: a review on spatial 
heterogeneity and indoor/outdoor/personal exposure to suspended particulate matter, nitrogen dioxide and ozone, Pages 1–32, Copyright (2001), 
with permission from Elsevier.
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duty (74.25  ng/m3 vs 3.11  ng/m3) in Thailand 
(Ruchirawat et al., 2002). Similar observations 
were reported from another study in Thailand 
(Arayasiri et al., 2010), which measured benzene 
and 1,3-butadiene exposures.

(b) Professional drivers

Research from around the world indicates 
that concentrations of particles and other air 
toxics in transportation microenvironments 
on and near roadways and inside vehicles often 
exceed nearby outdoor levels.

Such exposures are of concern for profes-
sional vehicle drivers, especially in develop-
ing-country settings, given the rapid increases 
in high-emitting vehicle fleets, vehicle use, and 
long exposure durations in and near traffic. For 
example, a 1997 study in Delhi, India, reported 
that concentrations of PM5.0 and CO inside 
vehicles exceeded the high urban background 
concentrations by 1.5–10  times depending on 
vehicle type (Saksena et al., 2007). Although rela-
tively few studies have been able to characterize 
outdoor air pollution exposures for automobile 
drivers, the ratio of reported in-vehicle concen-
trations to outdoor concentrations indicates the 
potential for extreme exposures (Apte et al., 2011; 
Fig. 1.48).

High in-vehicle concentrations would lead to 
high time-integrated exposures, as reported in 
the Delhi study (Apte et al., 2011). For example, 
a typical time-integrated exposure during 
an average daily commute (1.9  hours/day for 
auto-rickshaw users; Saksena et al., 2007) is 
nearly 2-fold higher than entire-day PM expo-
sures for urban California residents (Fruin et al., 
2008), the average in-home exposure contribu-
tions for residents of seven San Francisco Bay 
Area single-family homes (Bhangar et al., 2011), 
and the average for occupants of Beijing high-
rise apartments (Mullen et al., 2011). During a 
typical daily work shift (10–16  hours; Harding 
& Hussein, 2010), auto-rickshaw drivers may 
receive very high PM exposures, up to an order 

of magnitude higher than those experienced 
during the average daily commute.

In a study that assessed the occupational 
exposure of jeepney drivers to selected VOCs in 
Manila, Philippines (Balanay & Lungu, 2009), 
personal sampling was conducted on 15 jeepney 
drivers. Area sampling was conducted to deter-
mine the background concentration of VOCs 
in Manila compared with that in a rural area. 
Both personal and area samples were collected 
for 5 working days. Samples were obtained 
using diffusive samplers and were analysed for 
VOCs including benzene, toluene, ethylbenzene, 
m,p-xylene, and o-xylene. The personal samples 
of drivers (collected for work-shift durations of 
12–16 hours) had significantly higher concentra-
tions for all selected VOCs than the urban area 
samples. Among the area samples, the urban 
concentrations of benzene and toluene were 
significantly higher than the rural concentra-
tions. The personal exposures for all the target 
VOCs were not significantly different among the 
jeepney drivers.

A recent report (HEI, 2010a) that addressed 
contributions from mobile-source exposures 
to air toxics to exposures found that in-vehicle 
concentrations substantially exceeded outdoor 
concentrations for 1,3-butadiene, benzene, 
acrolein, formaldehyde, polycyclic organic 
matter, and diesel exhaust. This indicates substan-
tial potential for high occupational exposures for 
many workers who spend long hours in vehicles.

(c) Street vendors/small business operators

Small-scale businesses, commonly street 
vending, operate primarily outdoors in many 
developing countries, especially in tropical 
countries, where weather poses fewer restrictions 
on spending time outdoors. Furthermore, in the 
absence of resources for air conditioning or other 
means of insulation from dust and heat, the work 
environment in many such small businesses is 
affected significantly by the prevailing outdoor 
air quality conditions. Traffic and industrial 
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emissions thus become a source of occupational 
exposure. In a study conducted across various 
susceptible groups of the population with 
different occupations in five traffic-congested 
areas of Bangkok (Ruchirawat et al., 2005), the 
levels of total PAHs on the main roads at various 
sites were much higher than the outdoor levels in 
nearby temples (control sites).

In Mexico City, a significant proportion of the 
labour force works in informal markets, where 
many vendors spend long hours outdoors. Many 
workers in the service and transportation sectors 
experience similar conditions. In Mexico City, 
about 200 000 people work as taxi and bus drivers 
and more than 100  000 work as street vendors 
(SETRAVI, 2007); they have direct exposures to 
mobile-source emissions on high-traffic-density 
streets (Ortiz et al., 2002). Compared with indoor 
workers, these outdoor workers have higher 
exposures to PM, above the Mexican standard 
of 65 µg/m3, and 2 or more times higher expo-
sures to ozone, benzene, toluene, methyl tert-
butyl ether, and 11-pentane (Tovalin-Ahumada 

& Whitehead, 2007). A survey among outdoor 
workers found a relationship between their expo-
sure to selected VOCs, ozone, and PM2.5 and the 
presence of severe DNA damage (Tovalin et al., 
2006).

1.5 Guidelines and regulations

In many countries around the world, air 
quality standards are in place for ozone, SO2, 
NO2, CO, PM, and lead (Pegues et al., 2012; 
Vahlsing & Smith, 2012). Table  1.15 provides a 
summary of the air quality standards for some 
example countries. Within countries that have 
air quality regulations, there is not a consistent 
approach to regulating important air pollutants. 
In the USA, these pollutants are referred to as 
criteria pollutants and NAAQS are established 
for these pollutants at the national level. The 
EU has parallel limits for these pollutants but 
also has air quality limits for benzene, arsenic, 
cadmium, nickel, and PAHs. National stand-
ards in Japan are not set for lead but are set for 

Fig. 1.48 Comparison of in-vehicle concentrations in Delhi with those reported in other cities

BC, black carbon mass concentration; BJ, Beijing, China; DEL, Delhi, India; HK, Hong Kong Special Administrative Region; LA, Los Angeles, 
USA; LON, London, United Kingdom; PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm; PN, ultrafine particle number 
concentration.
Plots indicate the mean and range of concentrations.
Reprinted from Apte et al. (2011). Atmospheric Environment, Volume 45, Apte JS, Kirchstetter TW, Reich AH, Deshpande SJ, Kaushik G, Chel A 
et al., Concentrations of fine, ultrafine, and black carbon particles in auto-rickshaws in New Delhi, India, Pages 4470–4480, Copyright (2011), 
with permission from Elsevier.
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Table 1.15 Air quality standards in selected countries (in µg/m3)a

Country SO2 NO2 O3 PM2.5 Lead PAHsb Benzene Arsenic

Australiac

  1-hour 200 ppb 
[564]

120 ppb 
[243]

100 ppb 
[211]

  4-hour 80 ppb 
[169]

  1-day 80 ppb 
[226]

25

  Annual 20 ppb 
[56.4]

30 ppb 
[60.8]

8 0.50

China (Class 2 areas)d

  1-hour 500 120 160
  24-hour 150 80 75
  Annual 60 40 35 1.0
European Unione

  1-hour 350 200
  8-hour 120
  24-hour 125
  Annual 40 25 0.5 1 ng/m3 5 6 ng/m3

India (residential areas)f

  1-hour 180
  8-hour 100
  24-hour 80 80 60 1
  Annual 50 40 40 0.5 5 6 ng/m3

Japang

  1-hour 100 ppb 
[282]

60 ppb 
[127]

  8-hour
  24-hour 40 ppb 

[113]
40–
60 ppb 
[81–122]

35

  Annual 15 3
USAh

  1-hour 75 ppb 
[212]

100 ppb 
[203]

  8-hour 75 ppb 
[159]

  24-hour 35
  Annual 53 ppb 

[107]
12 0.15

WHOi

  10-minute 500
  1-hour 200
  8-hour 100
  24-hour 20 25
  Annual 40 10
NO2, nitrogen dioxide; O3, ozone; PAHs, polycyclic aromatic hydrocarbons; PM10, particulate matter with particles of aerodynamic diameter 
< 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm; SO2, sulfur dioxide; TSP, total suspended particles.
a  Air quality standards are in µg/m3 unless otherwise specified; conversion from ppb into µg/m3 is given in square brackets.
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benzene, trichloroethylene, tetrachloroethylene, 
dichloromethane, and dioxins. Similar lists of 
air pollutants are regulated in China and India 
with direct air quality standards. In some loca-
tions where air quality standards have not been 
developed, the WHO guidelines are used as a 
reference for air quality management. In many 
locations around the world, compliance with air 
quality standards and the WHO guidelines is not 
achieved.

Given the importance of specific industrial 
sectors on air pollution, sector-based regulations 
for emission controls have been developed (Lioy 
& Georgopoulos, 2011). Important examples are 
mandated controls on mobile sources, including 
gasoline-powered motor vehicles and diesel-pow-
ered vehicles (see the Annex of IARC, 2013a), 
stationary power generation, and Portland 
cement manufacturing. In the case of diesel 
engines, there are standards for new vehicles in 
all regions of the world that limit emissions of PM, 
NOx, VOCs, and in some countries standards for 
gas-phase air toxic compounds such as benzene, 
formaldehyde, acetaldehyde, and butadiene 
(Diaz-Robles et al., 2013). Likewise, sector-based 
controls on coal-fired power plants are used to 
limit emissions of SO2, NOx, and mercury. These 
sector-based control requirements are estab-
lished at both the national and the regional level, 
depending on the importance of specific sectors 
and the importance of the pollutants to local air 
quality problems. Some sector-based controls 
are also directed at consumer products and 
consumables used in industry. Examples include 

reformulated gasoline, reformulated paints, and 
replacement of environmental persistent chemi-
cals in consumer goods.

Sector-based controls can take three forms: (1) 
risk-based (based on risk, not on every source); (2) 
technology-based (based on the “best” technology 
for all sources, regardless of risk; e.g. Maximum 
Achievable Control Technology standards, New 
Source Performance Standards, or Reasonably 
Available Control Technology standards); or (3) 
market-based (cap and trade, emissions taxes, 
and/or fees) (Farrell & Lave, 2004; Sovacool, 
2011). A good example of a regulation or control 
strategy is that related to HAPs established by 
the USA: the National Emissions Standards for 
Hazardous Air Pollutants (NESHAPs) (EPA, 
2013f) identify specific pollutants and emissions 
limits relevant to a wide range of industries.
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2.1 Cancer of the lung

2.1.1 Cohort studies in North America

See Table 2.1.
To date, the association of exposure to outdoor 

air pollution with lung cancer risk has been 
assessed in six North American cohort studies: 
the Harvard Six Cities Study, the American 
Cancer Society study, the Adventist Health Study 
on Smog, the Trucking Industry Particle Study, 
the California Teachers Study, and the Ontario 
Tax Cohort Study. However, there have been 
multiple publications from the first three studies, 
representing different periods of follow-up and/
or selected subsets of the population.

(a) Harvard Six Cities Study

The Harvard Six Cities Study was designed 
specifically to evaluate exposures to outdoor air 
pollution and their association with health among 
8111 White adults aged 25–74  years recruited 
from six cities in the eastern USA representing 
a range of air pollution exposures: Steubenville, 
Ohio, and St. Louis, Missouri (high exposure); 
Watertown, Massachusetts, and Kingston-
Harriman, Tennessee (medium exposure); and 
Portage (including Wyocena and Pardeeville), 
Wisconsin, and Topeka, Kansas (low exposure). 
Follow-up began between 1975 and 1977 in each 
city, and each participant completed a base-
line questionnaire. Active follow-up, including 
information on vital status, continued by mail 
until 1991 (Dockery et al., 1993). In addition, the 

cohort was followed up through searches of the 
National Death Index, with the last update in 
2009 (Lepeule et al., 2012).

Three follow-ups of the Harvard Six Cities 
Study have been published: through 1989 or 
1991 (determined by the last date of search 
of the National Death Index or the ending 
date of the study, respectively) (Dockery et al., 
1993), through 1998 (Laden et al., 2006), and 
through 2009 (Lepeule et al., 2012). Between 
1979 and 1986–1988 (depending on the city) the 
researchers measured outdoor concentrations of 
total suspended particles (TSP), sulfur dioxide 
(SO2), ozone, suspended sulfates, and particu-
late matter (PM) with particles of aerodynamic 
diameter less than 2.5  μm (PM2.5), less than 
15 μm (PM15) (before 1984), and less than 10 μm 
(PM10) (after 1984) at central site air-monitoring 
stations in each community (Dockery et al., 
1993; Laden et al., 2006). Measurements of PM10 
from routine air-quality monitoring stations are 
available from monitors located near the orig-
inal central sites in each community starting in 
1985, and measurements of PM2.5 are available 
starting in 1999. For follow-up after 1999, these 
measurements were used to obtain city-specific 
annual average PM2.5 concentrations from repre-
sentative monitors within 80 km of the original 
sampling locations (Lepeule et al., 2012). For the 
period between the end of the original moni-
toring activity and 1999, the authors predicted 
city-specific annual average PM2.5 based on PM10 
concentrations from the monitors, extinction 
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coefficients (humidity-corrected visibility data 
from the local airport), and indicators of season 
(Laden et al., 2006).

Publications on the first and second 
follow-ups of the cohort (Dockery et al., 1993; 
Laden et al., 2006) reported positive associations 
of lung cancer mortality with sulfate and PM2.5, 
respectively. In the most recent follow-up of the 
full cohort, through 2009, 4495 deaths (7.8% from 
lung cancer) were identified. In adjusted models, 
the hazard ratio (HR) was 1.37 (95% confidence 
interval [CI], 1.07–1.75) for each 10 µg/m3 increase 
in PM2.5 averaged over the past 1–3 years (deter-
mined as the averaging period with the best fit). 
Analyses of penalized splines indicated a linear 
relationship. (The city-specific annual average 
PM2.5 ranged from approximately 40  µg/m3 to 
8 µg/m3 over the course of the entire follow-up 
period.) Other modelling options were also 
considered, with similar results (Lepeule et al., 
2012). In stratified analyses, relative risks were 
elevated for never-smokers, current smokers, and 
former smokers, with former smokers appearing 
to have the highest risk compared with never-
smokers or current smokers; however, the P-value 
for interaction was not statistically significant. In 
time-period-specific analyses, the hazard ratio 
for the past 8 years of follow-up (2001–2009) was 
the strongest (HR, 2.84; 95% CI, 1.06–7.59), but 
again the P-value for interaction was not signif-
icant. Because of the high correlation of expo-
sures over time, the critical exposure window 
could not be determined (Lepeule et al., 2012).

[A limitation of the Harvard Six Cities Study 
is that it relied on central site monitoring for each 
city. Since all participants in the same city were 
assigned the same exposure value, there was no 
ability to assess intra-city spatial variation in 
exposures. In Dockery et al. (1993), a city-spe-
cific average value for each pollutant was created 
for 3–8 years during the late 1970s or the 1980s, 
depending on the pollutant; therefore, there 
was also no assessment of variation of air pollu-
tion over time. Furthermore, in some cases the 

measurements may actually have occurred after 
the relevant death. In the subsequent analyses, an 
annual average for PM2.5 for each city was created 
and assigned to the follow-up time by calendar 
year; thus, temporal variation was accounted for. 
Other limitations are that there is no information 
on whether a person moved out of the city in which 
they were recruited during the follow-up period, 
and that only baseline information on covariates 
was included in the final analyses. However, in 
a reanalysis of the Dockery et al. (1993) study, 
Krewski and colleagues (HEI, 2000) found that 
the results were robust to updates of the covari-
ates and changes in address. The strengths of the 
study are the detailed exposure monitoring, the 
assessment of different modelling options in the 
most recent follow-up, the prospective follow-up, 
and the control for potential confounders at the 
individual level: age, sex, body mass index (BMI), 
smoking status and pack-years of smoking, and 
education level.]

(b) American Cancer Society study

Six analyses of the association of measures 
of air pollution with lung cancer mortality have 
relied on data collected by the American Cancer 
Society (ACS) as part of the Cancer Prevention 
Study II (CPS-II) (Pope et al., 1995, 2002; Jerrett 
et al., 2005, 2013; Krewski et al., 2009; Turner 
et al., 2011). The ACS CPS-II is an ongoing 
prospective mortality study of approximately 
1.2 million adults aged at least 30 years at enrol-
ment in 1982 and residing throughout the USA. 
Before 1989, vital status was obtained from the 
study volunteers who enrolled the participants. 
After 1989, searches of the National Death Index 
were conducted. Individual-level risk factor 
information was available through a baseline 
questionnaire. The original analysis included 
7 years of follow-up, through 1989 (Pope et al., 
1995). Subsequent publications on the nation-
wide cohort included follow-up through 1998 
(16  years) (Pope et al., 2002), through 2000 
(18  years) (Krewski et al., 2009), and through 
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2008 (26 years), with the most recent follow-up 
restricted to never-smokers (Turner et al., 2011). 
Jerrett et al. (2005, 2013) and Krewski et al. (2009) 
conducted analyses focused on Los Angeles, New 
York City, and the state of California.

Analyses of air pollution effects in the ACS 
CPS-II took advantage of existing national 
monitoring networks to quantify air pollution 
exposures. Therefore, the study population was 
restricted to participants who resided in United 
States Metropolitan Statistical Areas (MSAs) 
with available pollution data (approximately 
300 000–500 000 participants, depending on the 
follow-up and pollutants measured). Baseline 
average PM2.5 levels were quantified by MSA 
of residence for 1979–1983 using data from the 
Inhalable Particle Monitoring Network. TSP and 
different size fractions of PM (PM15, PM15–2.5) 
were available for that time period as well. PM10 
concentrations for 1982–1998 and PM2.5 begin-
ning in 1999 were available from the United 
States Environmental Protection Agency (US 
EPA) AIRS database. Average outdoor PM2.5 
concentrations from 1999–2000 were used 
to quantify exposures towards the end of the 
follow-up period, and an average of the two time 
periods was considered as an estimate of expo-
sure over the course of the study. Sulfate concen-
trations were available for 1980–1981, and SO2, 
nitrogen dioxide (NO2), carbon monoxide (CO), 
and ozone levels were available for 1980 and 
1982–1998. Ranges and/or means of exposure 
for all pollutants in each follow-up are presented 
in Table  2.1 when available (Pope et al., 2002; 
Krewski et al., 2009; Turner et al., 2011).

Reports of the first two follow-ups of the ACS 
CPS-II cohort (Pope et al., 1995, 2002) provided 
data on the association of lung cancer mortality 
with concentrations of PM2.5 and sulfate. Positive 
associations were observed for both indicators. 
The second report also included data for SO2, 
NO2, CO, and ozone (Pope et al., 2002).

In the most recent analysis of the cohort, 
with 2 more years of follow-up and additional 

adjustment for individual-level covariates from 
the baseline questionnaire, hazard ratios were 1.08 
(95% CI, 1.03–1.14) and 1.11 (95% CI, 1.04–1.18) 
for PM2.5 in 1979–1983 and 1999–2000, respec-
tively, and 1.05 (95% CI, 1.02–1.11) and 1.04 (95% 
CI, 0.97–1.11) for sulfate in 1980 and 1990, respec-
tively (Krewski et al., 2009). No association with 
lung cancer was observed for ozone, SO2, NO2, or 
CO. Additional adjustment for ecological covar-
iates derived at the postal code and MSA level 
did not materially change the results. Spatial 
autocorrelation was also included in sensitivity 
analyses, but results specific to lung cancer are 
not presented. No clear patterns emerged from 
analyses of time windows of exposure.

[The nationwide assessments of the ACS 
CPS-II rely on MSA-specific measurements from 
at most two time periods (near the beginning 
and near the end of the follow-up). There is no 
assessment of intra-city variability, which could 
enhance contrasts in exposure but should not 
hamper interpretation of the results that were 
obtained. Furthermore, there is no accounting 
for whether a participant moved out of their 
baseline location, which could contribute to 
measurement error. Covariates were not updated 
over time, potentially reducing the ability to 
control confounding. However, strengths of the 
studies are the assessment of a linear trend, the 
prospective follow-up, and that individual-level 
covariates are controlled for in both analyses. 
Krewski et al. (2009) also included a large 
battery of ecological covariates and assessment 
of autocorrelation.]

In the analysis with the longest follow-up 
period to date (26  years), Turner et al. (2011) 
assessed the association of PM2.5 with lung cancer 
mortality among 188 699 lifetime non-smokers 
in the ACS CPS-II cohort. In Cox proportional 
hazard models adjusting for the same covariates 
as in the Pope et al. (2002) study with the addi-
tion of dietary variables, additional measures of 
occupational exposures, and mean county-level 
residential radon concentrations, each 10 μg/m3 
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increase in PM2.5 was associated with a 15–27% 
increase in lung cancer mortality, depending on 
the time window in which the PM2.5 concen-
tration was assessed. The fully adjusted hazard 
ratios were modestly attenuated compared with 
those not adjusted for residential radon. A plot of 
adjusted hazard ratios in relation to quartiles of 
PM2.5 (1999–2000) suggests a linear trend, but a 
formal test was not presented. [The strengths and 
limitations of Turner et al. (2011) are the same as 
those described for Pope et al. (2002) and Krewski 
et al. (2009). The restriction of this study to never-
smokers is a major additional strength, as is the 
control for other potential confounders – diet, 
occupation, and residential radon – as covariates 
in the models. Both features reduce the potential 
for confounding, although among the additional 
covariates considered, only radon had a notable 
effect on the association with PM2.5.]

The ACS investigators also performed specific 
analyses in Los Angeles, the state of California, 
and New York City, where they had the ability 
to describe intra-city variability in exposure 
using land-use regression exposure models. In 
Los Angeles, the hazard ratio controlling for 
44 individual-level covariates was 1.44 (95% CI, 
0.98–2.11) per 10  μg/m3 increase in PM2.5 esti-
mated for each individual’s postal code centroid. 
This was attenuated to 1.20 (95% CI, 0.79–1.82) 
when statistically significant contextual covari-
ates were included (Jerrett et al., 2005). Results 
using a slightly different statistical technique 
to predict exposures were similar (Krewski 
et al., 2009). In equivalent analyses in New York 
City, the hazard ratio adjusted for individu-
al-level covariates was 0.96 (95% CI, 0.84–1.09) 
per 1.5 μg/m3 increase in PM2.5 (the interdecile 
range) (Krewski et al., 2009). Jerrett et al. (2013) 
modelled monthly averaged PM2.5, NO2, and 
ozone at the baseline residential address for 
all 73  711 ACS CPS-II participants residing in 
California. Monitoring data for PM2.5 and NO2 
were supplemented with data from satellites. 
Exposure metrics were determined as averages 

for 1988–2002 for NO2 and ozone and as averages 
for 1998–2002 for PM2.5. In models adjusted for 
42 individual-level covariates, as well as indi-
cators of the MSAs and 7 ecological covariates, 
hazard ratios for lung cancer were elevated for an 
interquartile range (IQR) increase in PM2.5 (HR, 
1.06; 95% CI, 0.95–1.18) and NO2 (HR, 1.11; 95% 
CI, 1.02–1.21) but not for ozone (HR, 0.86; 95% 
CI, 0.75–0.99). Analyses representing exposure 
with splines showed no evidence of nonlinearity. 
Associations with NO2 remained statistically 
significant in two pollutant models that addition-
ally included PM2.5 and ozone, while estimates 
for PM2.5 were reduced to unity. [The authors 
described NO2 as a marker for traffic-related air 
pollution. However, since other exposure sources 
(i.e. heating and industrial) were included in 
the models, their contributions to the modelled 
concentrations cannot be ruled out. The results 
for NO2 are more consistent with the European 
studies, which also assessed intra-city variability, 
than with the full-country ACS analysis, which 
assessed variation across larger areas.]

[The strengths of the three area-specific anal-
yses of the ACS CPS-II (Los Angeles, New York 
City, and California) are the detailed adjustment 
for baseline and ecological confounders and 
the ability to consider intra-city variability and 
temporal variability.]

(c) Adventist Health Study on Smog

The Adventist Health Study on Smog 
(AHSMOG) cohort consists of 6340 Seventh-Day 
Adventists who were participants in the Adventist 
Health Study. They were non-Hispanic Whites 
residing in California, currently non-smokers, 
who had lived for at least 10 years within 5 miles 
(8  km) of their baseline residence and were 
aged 25 years to more than 80 years when they 
completed the baseline questionnaire in 1977 
(Abbey et al., 1991a).

Monthly outdoor concentrations of TSP, 
PM10, SO2, NO2, and ozone were estimated for 
each participant starting in 1966 from fixed-site 
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monitors maintained by the California Air 
Resources Board. Exposure predictions were 
restricted to postal code centroids within 50 km 
of a monitoring station and were not allowed to 
cross topographical obstructions or other barriers 
to air flow (Abbey et al., 1991b). Before 1987, PM10 
was estimated from TSP, and before 1972, total 
oxidants were measured as opposed to ozone. 
For each pollutant, both means and exceedance 
frequencies (the sum of hours for gaseous pollut-
ants or of days for particulate pollutants above a 
specified cut-off based on federal and California 
standards at the time) were used as exposure 
metrics in the majority of the epidemiological 
analyses. Cancer incidence was ascertained 
from linkage with cancer registries and medical 
record review of self-reported hospitalizations, 
and mortality was ascertained from linkage with 
the California death certificate file, the National 
Death Index, and the Seventh-Day Adventist 
church records (Mills et al., 1991).

In the initial follow-up through 1982, elevated 
hazard ratios were reported for the associations of 
lung cancer with TSP and total oxidants (Abbey 
et al., 1991a; Mills et al., 1991).

Results for associations of lung cancer with 
air pollution with follow-up extended through 
1992 have been presented in three separate publi-
cations (Beeson et al., 1998; Abbey et al., 1999; 
McDonnell et al., 2000). In addition to exceed-
ance frequencies, cumulative annual averages 
from January 1973 until 3 years before the date 
of the case defining the risk set (i.e. a 3-year lag) 
were estimated for PM10, SO2, and 8-hour average 
ozone. Among men, positive associations were 
observed for incident lung cancer (n = 16) after 
adjustment for age, years of education, pack-
years of smoking, and alcohol consumption, 
for each 24 µg/m3 (IQR) increase in PM10 (HR, 
5.21; 95% CI, 1.94–13.99), each 3.7  ppb (IQR) 
increase in SO2 (HR, 2.66; 95% CI, 1.62–4.39), 
each 19.8 ppb (IQR) increase in NO2 (HR, 1.45; 
95% CI, 0.67–3.14), and each 12.0  ppb (IQR) 
increase in 8-hour average ozone (2.23; 95% 

CI, 0.79–6.34). Among women (cases = 20), the 
equivalent hazard ratios were elevated only for 
SO2 (HR, 2.14; 95% CI, 1.36–3.37) (Beeson et al., 
1998). Among men, the equivalent hazard ratios 
for lung cancer mortality (n = 17) were 3.36 (95% 
CI, 1.57–7.19) for PM10, 1.99 (95% CI, 1.24–3.20) 
for SO2, 1.82 (95% CI, 0.93–3.57) for NO2, and 2.10 
(95% CI, 0.99–4.44) for 8-hour average ozone. 
Among women, the hazard ratios for lung cancer 
mortality (n = 12) were 1.08 (95% CI, 0.55–2.13) 
for PM10, 3.01 (95% CI, 1.88–4.84) for SO2, 2.81 
(95% CI, 1.15–6.89) for NO2, and 0.77 (95% CI, 
0.37–1.61) for 8-hour average ozone (Abbey et al., 
1999). [The Working Group noted a discrepancy 
in the IQRs for NO2 and ozone as reported in the 
papers by Abbey et al. (1999), where the IQRs are 
given as 19.8 ppb and 12.03 ppb, respectively, and 
Beeson et al. (1998), where they are reported as 
1.98 ppb and 2.12 ppb, respectively. The Working 
Group was unable to obtain clarification from 
the authors. Therefore, the former figures, which 
are of the same magnitude as those reported in 
other papers based on the same population, are 
assumed to be the correct ones.]

PM2.5 data were available for a subcohort 
residing within an airshed adjacent to one of 
nine airports located throughout California 
(n = 1347 men, 2422 women) during the study 
baseline period (McDonnell et al., 2000). 
Visibility and PM2.5 were measured concurrently 
at the nine airports from 1979 to 1993. These 
data were used to predict daily PM2.5 concen-
trations for 1966–1993 using linear regression 
controlling for season and relative humidity, 
and monthly average PM2.5 concentrations were 
calculated for each airshed. Monthly average 
PM2.5–10 values were calculated as the monthly 
mean PM10 (modelled as in earlier publications) 
minus the monthly mean PM2.5 value for each 
participant. In addition, monthly ozone, SO2, 
and NO2 for 1966–1992 and SO4 for 1977–1992 
were interpolated to the postal code centroid of 
the participants’ residential and work addresses. 
Among the 1228 men with PM2.5 data, 13 deaths 
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from lung cancer were identified. Hazard ratios 
adjusted for age, pack-years of smoking, years 
of education, and current alcohol consumption 
were elevated with wide confidence intervals for 
all size fractions of PM using the average for the 
baseline years 1973–1977. In models including 
PM2.5 and PM2.5–10 simultaneously, the magni-
tude of the hazard ratio for PM2.5–10 was attenu-
ated. Results for women were not presented but 
were described as weak or inverse. Numbers of 
deaths from lung cancer in the subcohort were 
too small to assess the other pollutants.

[The strengths of the AHSMOG studies are 
the long prospective follow-up, the detailed infor-
mation on long-term work and home addresses, 
the control for individual covariates, and the 
ability to assess incidence as well as mortality. 
Major limitations are the very small sample size, 
the non-standard exposure assessment, and the 
lack of clarity and consistency in the published 
reports of the results.]

(d) Trucking Industry Particle Study

The Trucking Industry Particle Study (TrIPS) 
was a retrospective occupational cohort study of 
men in the trucking industry across the USA, 
which was originally designed to examine the 
association of occupational exposures to vehicle 
exhaust with lung cancer. The investigators 
subsequently examined the effect of annual 
outdoor exposures to PM10, SO2, and NO2 on 
lung cancer mortality (Hart et al., 2009, 2011). 
Exposures to PM10 and NO2 were estimated by 
modelling data obtained from the US EPA Air 
Quality System for 1985–2000 (Hart et al., 2009), 
and PM2.5 was estimated based on the nearest 
Air Quality System monitor in 2000. (Mean 
concentrations for all pollutants are presented in 
Table  2.1.) In models stratified by age at entry, 
decade of hire, and calendar year, and adjusted 
for race, census region of residence, the healthy 
worker survivor effect, and occupational expo-
sures, the hazard ratios for annual average 
(1985–2000) SO2 and NO2 were elevated in the 

full cohort. When long-haul drivers who spend 
days away from home were excluded, elevated 
hazard ratios were also observed for PM10. The 
hazard ratio for a 4 μg/m3 (IQR) increase in PM2.5 
in 2000 was 1.02 (95% CI, 0.95–1.10) in the full 
cohort and 1.07 (95% CI, 0.97–1.17) in the cohort 
excluding long-haul drivers (Hart et al., 2011). In 
supplemental analyses using information from 
a survey administered to a sample of currently 
employed and recently retired workers in the 
industry, the authors evaluated the potential 
impact of not controlling for smoking and BMI. 
Current smoking, but not BMI, was associated 
with small increases in the hazard ratio for PM10 
and NO2 (PM2.5 was not evaluated). Therefore, 
not adjusting for smoking may have led to infla-
tion of the effect estimates.

[The limitations of this study are the lack of 
control for potential confounding by individ-
ual-level risk factors such as smoking history 
and the reliance on the most recent address to 
predict exposure. The strengths are the control 
for occupational exposures and the availability 
of time-varying residence-level predictions for 
most of the pollutants.]

(e) California Teachers Study

The California Teachers Study is a prospec-
tive cohort study of 133 479 female current and 
former public school professionals participating 
in the California State Teachers’ Retirement 
System. All participants completed a base-
line questionnaire in 1995. Subsequent ques-
tionnaires were mailed in 1997 and 2000, and 
name and residential address were updated 
annually. Cause-specific mortality data were 
obtained from record linkage with California 
state registries, the United States Social Security 
Administration, and the National Death Index. 
Monthly surfaces of PM2.5, PM10, ozone, nitrogen 
oxides (NOx), NO2, CO, and SO2 in 250 m grids 
were estimated using inverse-distance weighting 
of data from monitors maintained by the state. 
(Ranges and means [standard deviations] for 
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each pollutant are presented in Table  2.1.) 
Individual monthly exposures were estimated by 
linking each residential address to the gridded 
pollutant surface, and cumulative averages were 
calculated for each risk set to represent long-term 
exposure. The final analytical data set included 
101 784 women with available air pollution data 
(73 489 for PM2.5, since monitoring began later). 
In adjusted multivariable models, there was no 
evidence of a positive association of any of the 
pollutants considered with lung cancer mortality 
risk (Lipsett et al., 2011). However, in analyses 
restricted to never-smokers, the hazard ratio for 
a 10 μg/m3 increase in PM2.5 was 1.62 (95% CI, 
0.83–3.16).

[The strengths of this study are the spatially 
and temporally resolved air pollution meas-
urements and the control for time-varying 
confounding by individual-level lung cancer risk 
factors. The limitations are that there were only 
5.6 years of follow-up for the analyses of PM2.5 
and that PM2.5 data were only available concur-
rently or for the 12  months before the start of 
follow-up. Therefore, there was no ability to look 
at truly long-term exposures, which might be 
necessary for assessment of an association with 
lung cancer risk.]

(f) Ontario Tax Cohort Study

Villeneuve et al. (2013) conducted a cohort 
study of intra-urban variations in volatile organic 
compounds (VOCs) and NO2 and cause-specific 
mortality in Toronto, Canada. The population 
consisted of 58 760 residents of Toronto in 1982 
who were part of the larger Ontario Tax Cohort 
Study, a cohort randomly selected from income 
tax filings of Canadians residing in one of 10 urban 
areas in the province of Ontario. Residential 
addresses at baseline were linked by postal 
code centroid to estimated exposure surfaces of 
benzene, n-hexane, total hydrocarbons, and NO2 
modelled from measurements (obtained in 2006 
for the VOCs and in 2002 and 2004 for NO2) 
and spatial covariates. Deaths were identified 

by linkage to the Canadian Mortality Database. 
Individual-level information on household 
income and marital status was obtained from 
the income tax return, and contextual measures 
of unemployment, average household income, 
and immigration were obtained from the 1981 
Canadian census. Data from the 2001 Canadian 
Community Health Survey were used to indi-
rectly adjust for smoking and obesity, using the 
spatial association between smoking, BMI, and 
pollution measurements.

The participants ranged in age from 35 to 
85  years in 1982 (mean, 51.7  years). Through 
2004, 1470 deaths from lung cancer were iden-
tified among 18 020 deaths. In Cox proportional 
hazards models adjusted for age, sex, the socioec-
onomic variables described above, and NO2, the 
hazard ratios for all VOCs were elevated. After 
indirect adjustment for smoking and BMI, the 
effect estimates were attenuated. No independent 
association was observed of NO2 with lung cancer 
mortality (Villeneuve et al., 2013).

[This study is the only cohort study to date 
to assess residential exposure to VOCs as well 
as other urban air pollutants. Individual-level 
information on smoking was not available, but 
the measurements of socioeconomic status that 
were obtained are a strength and could help to 
control indirectly for smoking.]

2.1.2 Cohort studies in Europe

The association between exposure to outdoor 
air pollution and the risk of lung cancer has been 
evaluated in several prospective cohort studies in 
Europe, which are summarized in Table 2.2. The 
table summarizes features of the study design, the 
exposure metrics used, and the main results after 
adjustment for relevant confounders. Several 
European countries have been included. The 
largest study is a pooled analysis of 17 European 
cohorts from the ESCAPE study, which included 
areas in Austria, Denmark, Greece, Italy, the 
Netherlands, Norway, Spain, Sweden, and the 
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United Kingdom, with large differences in expo-
sure levels. Both incidence and mortality have 
been considered in European studies. In the 
case of lung cancer the two are almost equiva-
lent, since lung cancer is a highly lethal disease. 
However, incidence registration is usually more 
reliable than mortality registration, since the 
latter is affected by some degree of misclassifica-
tion due to lung metastases.

Nafstad et al. (2003) conducted a study 
among 16 209 male residents of Oslo (1972–1998). 
Exposure to NOx and SO2 at home addresses was 
estimated for 1974–1995 based on area emissions, 
dispersion modelling, and an additional contri-
bution from busy streets near the home. Traffic 
was the main source of NOx and heating was the 
main source of SO2 in Oslo. After controlling 
for age, smoking habits, and education level, the 
authors found a relative risk (RR) of 1.08 (95% 
CI, 1.02–1.15) for every 10  µg/m3 increment in 
NOx exposure and of 1.01 (95% CI, 0.94–1.08) for 
every 10 µg/m3 increment in SO2.

Filleul et al. (2005) studied 14 284 young adults 
(aged 25–59 years), enrolled in 1974, living in 24 
areas of France (PAARC Study). Concentrations 
of TSP, black smoke, nitrogen oxide (NO), NO2, 
and SO2 were measured at one monitoring station 
in each area during 1974–1976. After a follow-up 
of 26 years, they identified 178 deaths from lung 
cancer, with no excess risk for any of the air 
pollutants. Using the ratio between NO and NO2, 
the authors identified six monitoring stations 
located close to traffic and therefore considered 
less representative for the population in the area. 
A subanalysis based on the 18 other areas showed 
a mortality rate ratio of 1.48 (95% CI, 1.05–2.06) 
in association with a 10 µg/m3 increase in NO2 
but no significant association with any of the 
other pollutants. [The population was particu-
larly young, so the number of cases was small. 
Determinants of lung cancer in young subjects 
may differ from those in the elderly. Cumulative 
exposure may have been limited.]

Vineis et al. (2006) conducted a nested case–
control study on lung cancer within the large 
European Prospective Investigation into Cancer 
and Nutrition (EPIC) cohort recruited in 1993–
1998. Cases accrued after a median follow-up of 
7 years among the ex-smokers (who had stopped 
smoking at least 10 years previously) and never-
smokers. Three controls per case were matched by 
sex, age, smoking status, country, and time elapsed 
between recruitment and diagnosis. Residence in 
proximity to heavy-traffic roads was used as an 
indicator of exposure to air pollution. In addi-
tion, exposure to air pollutants (NO2, PM10, and 
SO2) was assessed using concentration data from 
the routine monitoring station nearest to the 
address at the time of enrolment. Exposure data 
for single pollutants were limited by the relatively 
small number of monitoring stations. Exposure 
estimates were available for 197 cases and 556 
controls. Cotinine was measured in plasma as an 
indicator of second-hand smoke exposure. There 
was a non-significant association between lung 
cancer and residence near heavy-traffic roads 
(odds ratio [OR], 1.31; 95% CI, 0.82–2.09). For 
NO2, the odds ratio was 1.14 (95% CI, 0.78–1.67) 
for each increment of 10  µg/m3, and 1.37 (95% 
CI, 1.06–1.75) for concentrations greater than 
30 µg/m3 after adjustment for cotinine and addi-
tional potential confounders, including occupa-
tional exposures. No clear association was found 
with other pollutants. [The restriction of the 
study to never-smokers and former smokers is 
a notable strength. The lack of information on 
traffic and single pollutants for some cases and 
controls may have introduced some misclassi-
fication of exposure. Follow-up was relatively 
short.]

Naess et al. (2007) investigated the concen-
tration–response relationship between air pollu-
tion (NO2, PM10, and PM2.5) and cause-specific 
mortality. The population included all inhabitants 
of Oslo, Norway, aged 51–90 years, with follow-up 
of deaths from 1992 to 1998. An air dispersion 
model was used to estimate exposure levels in 
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1992–1995. Several hazard ratios were reported 
for lung cancer mortality and different levels of 
NO2, PM10, and PM2.5 exposure, and smoothed 
concentration–response curves were shown in 
figures. After adjustment for confounders (age, 
occupation, and education level), increased risks 
were found among women. The relative risks for 
an IQR increase in exposure to NO2, PM10, and 
PM2.5 were 1.23 (95% CI, 1.10–1.38), 1.27 (95% CI, 
1.13–1.43), and 1.27 (95% CI, 1.13–1.43), respec-
tively, in women aged 51–70 years and 1.12 (95% 
CI, 0.98–1.27), 1.17 (95% CI, 1.03–1.33), and 1.16 
(95% CI, 1.02–1.32), respectively, in women aged 
71–90  years. Relative risks for men were lower 
(1.07–1.09) and not statistically significant. There 
was no direct adjustment for smoking at the 
individual level, but three indirect methods were 
used to assess the potential for confounding: (i) 
a health survey indicating that the correlation 
between residence in polluted areas and smoking 
was r = 0.06; (ii) adjustment for occupation and 
education level as proxies for smoking; and 
(iii) analyses of a separate cohort in the same 
area, which found no attenuation of estimates 
after adjustment for smoking. [The Working 
Group noted the lack of direct adjustment for 
smoking; however, indirect adjustment provides 
some reassurance that there was no significant 
confounding by smoking. Identical relative risks 
for PM2.5, PM10, and NO2 were also noted in 
several analyses, implying very strong correla-
tions between these pollutant indices.]

Beelen et al. (2008a, 2008b) investigated 
the association of lung cancer incidence and 
mortality with several indicators of exposure 
to air pollution in a prospective cohort study of 
more than 120 000 subjects in the Netherlands. 
Exposure assessment for the home address at 
the time of enrolment was based on regional 
background monitoring of black smoke, NO2, 
and SO2 during 1976–1996, land-use regression 
models for estimating intra-urban differences, 
and traffic intensity near the residence and field 
monitoring of black smoke, NO2, and PM2.5 for 

the very local contribution. Background PM2.5 
concentrations were estimated from PM10 using 
a conversion factor.

The incidence study (Beelen et al., 2008a) 
included 111  816 subjects with valid address 
data and no prevalent cancer at baseline. In the 
11 years of follow-up, 1940 incident lung cancer 
cases were identified, giving relative risks adjusted 
for age, sex, smoking, and area indicators of soci-
oeconomic status of 0.96 (95% CI, 0.83–1.11) per 
10 µg/m3 of black smoke, 0.81 (95% CI, 0.63–1.04) 
per 10 µg/m3 of PM2.5, 0.86 (95% CI, 0.70–1.07) 
per 30 µg/m3 of NO2, and 0.90 (95% CI, 0.72–1.11) 
per 20 µg/m3 of SO2. More detailed analyses were 
conducted for the association of lung cancer with 
a 10  µg/m3 increment in black smoke among 
never-smokers (RR, 1.47; 95% CI, 1.01–2.16; 252 
cases), ex-smokers (RR, 0.91; 95% CI, 0.68–1.23; 
500 cases), and current smokers (RR, 0.85; 95% 
CI, 0.70–1.03; 1188 cases). Relative risks for traffic 
intensity and proximity to a major road were 
elevated but not statistically significant. Case–
cohort analyses with adjustment for additional 
covariates gave qualitatively similar results.

Analyses of the association of lung cancer 
mortality with air pollution including 117  528 
individuals from the same cohort were reported 
by Beelen et al. (2008b). Further details of the 
study methods and analyses of mortality from 
non-cancer outcomes, as well as identical results 
for lung cancer, were also reported by Brunekreef 
et al. (2009). After adjustment for age, sex, 
smoking, and socioeconomic status, relative 
risks were 1.03 (95% CI, 0.88–1.20) per 10 µg/m3 
of black smoke, 1.06 (95% CI, 0.82–1.38) per 
10 µg/m3 of PM2.5, 0.91 (95% CI, 0.72–1.15) per 
30 µg/m3 of NO2, and 1.00 (95% CI, 0.79–1.26) 
per 20 µg/m3 of SO2. A slightly increased but not 
statistically significant relative risk was found 
with black smoke and traffic intensity. Relative 
risks for black smoke by tobacco smoking status 
were shown in a figure: in never-smokers the 
relative risk for an increment of 10  µg/m3 in 
black smoke was approximately 1.5 (95% CI, 
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approximately 1.0–2.2), whereas no association 
was indicated in current or former smokers.

Raaschou-Nielsen et al. (2010) conducted a 
case–cohort study nested within three Danish 
cohorts that were initiated at different times 
between 1970 and 1993 and followed up until 
2001. Baseline data on tobacco smoking and other 
risk factors were obtained by self-administered 
questionnaire. Exposure to NOx was estimated 
with the validated Danish AirGIS dispersion 
modelling system estimating traffic-related 
air pollution at all residential addresses of the 
study participants from 1971 to 2001. The study 
included 679 incident cases and 3481 people in a 
subcohort (comparison group). After controlling 
for sex, cohort, birth cohort, smoking, education 
level, BMI, and alcohol consumption, the rela-
tive risk was 1.30 (95% CI, 1.07–1.57) for expo-
sure to NOx between 30 µg/m3 and 72 µg/m3 and 
1.45 (95% CI, 1.12–1.88) for NOx >  72  µg/m3, 
corresponding to a relative risk of 1.37 (95% CI, 
1.06–1.76) per 100  µg/m3 increase in NOx. The 
rate ratio was higher among never-smokers, but 
there was no significant difference among never-
smokers, former smokers, or current smokers. 
[The Working Group noted the short follow-up 
as a limitation of this study.]

The study of Raaschou-Nielsen et al. (2011a) is 
based on a cohort of 52 970 individuals followed 
up until 2006 and included 592 incident lung 
cancer cases (241 of these were also included 
in the 2010 study). NOx concentrations at each 
home address from 1971 onwards were assessed 
for each cohort member with the AirGIS model-
ling system for traffic-related air pollution, and 
indicators of proximity to major roads and traffic 
load within 200  m were estimated. There were 
no estimates of exposure to PM or other air 
pollutants. After adjustment for age, smoking, 
second-hand smoke, education level, and dietary 
variables, the relative risk for an increment of 
100 µg/m3 in NOx was 1.09 (95% CI, 0.79–1.51). 
Analysis by quartile of NOx showed an elevated 
relative risk in the highest exposure category, with 

NOx > 29.7 µg/m3 (RR, 1.30; 95% CI, 1.05–1.61), 
but no increase at intermediate levels of expo-
sure. Elevated risks were found in particular in 
association with proximity to a major road (RR, 
1.21; 95% CI, 0.95–1.55).

The ESCAPE study (Raaschou-Nielsen et al., 
2013) includes 17 European cohorts, for which 
exposure assessment was carefully standardized 
with a campaign of measurements, the creation 
of a common database of exposure data and 
covariates, and a common script for statistical 
analysis. Two cohorts had been published sepa-
rately before: Raaschou-Nielsen et al. (2011a) and 
EPIC. For the former, only the Copenhagen part 
of the cohort was included and the follow-up was 
extended to 2010; 397 lung cancer cases were 
included in both studies. Part of the EPIC cohort 
was also included in Vineis et al. (2006) but 
included only never-smokers and ex-smokers, 
after a shorter follow-up and with different expo-
sure assessment. In the ESCAPE study, exposures 
to air pollution were estimated using land-use 
regression models with the same methodology 
in all the areas. Estimates of exposure were 
generated for PM10, PM2.5, coarse particles, NO2, 
NOx, and two indicators of traffic. The overall 
population was 312 944, and 2095 incident cases 
of lung cancer were identified. After adjust-
ment for potential individual-level confounders, 
including several indicators of smoking, and 
socioeconomic status at an area level (Table 2.2), 
the relative risks for lung cancer were 1.22 (95% 
CI, 1.03–1.45) for an increment of 10  µg/m3 of 
PM10 and 1.18 (0.96–1.46) per 10 µg/m3 of PM2.5. 
Addition of the smoking variables to the models 
decreased the relative risks for PM10 and PM2.5 
from about 1.3 to about 1.2. The risk was particu-
larly elevated for adenocarcinomas, rather than 
squamous cell carcinomas. No increase in lung 
cancer risk was observed for exposure to NO2, 
NOx, or indicators of traffic.

There was no evidence of heterogeneity 
between the hazard ratios for the 17 cohorts, 
since the P-values based on the Q statistics were 
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close to 1.0 for PM10 and PM2.5 and the I2 values 
(indicating the proportion of observed variation 
reflecting a real difference in effect size) were 
zero for both PM10 and PM2.5. Furthermore, the 
95% confidence interval of each cohort-spe-
cific hazard ratio in relation to PM10 and PM2.5 
enclosed the combined hazard ratio for all 
cohorts. [The Working Group regarded this as 
a highly informative study, for the wide range 
of exposures included, the quality of exposure 
assessment and degree of standardization in 
procedures, the large sample size, and the careful 
control for confounding by smoking and other 
factors.]

Heinrich et al. (2013) studied 4752 women 
and identified 41 deaths from lung cancer. 
Exposure was assessed at the baseline address 
using pollutant measurements from the nearest 
monitoring station and proximity to a major 
road. The PM10 concentration was estimated 
from measured TSP using a conversion factor. 
Elevated relative risks for lung cancer were found 
for an IQR increase in PM10 (RR, 1.84; 95% CI, 
1.23–2.74) and NO2 (RR, 1.46; 95% CI, 0.92–2.32). 
[The Working Group noted the very small sample 
size and expressed concern about potential publi-
cation bias affecting small studies.]

Cesaroni et al. (2013) investigated the asso-
ciation of lung cancer mortality with air pollu-
tion among 1  265  058 people in Rome, Italy, 
whose exposure was characterized with land-use 
regression models for NO2 and dispersion models 
for PM2.5. After adjustment for sex, age, marital 
status, place of birth, education level, occupation, 
and socioeconomic status, they found relative 
risks of 1.05 (95% CI, 1.01–1.10) for a 10 µg/m3 
increment in PM2.5 and 1.04 (95% CI, 1.02–1.07) 
for a 10 µg/m3 increment in NO2. Tests for trend 
in analyses based on quintiles of exposure were 
statistically significant (P < 0.01) for both pollut-
ants. An association was not observed for indi-
cators of distance to heavy-traffic roads. The 
association of smoking with exposure to PM2.5 
was evaluated among a subgroup of 7845 SIDRIA 

cohort members. Smoking and exposure to air 
pollutants were not associated, and no change 
in results for total mortality was observed when 
adjusting for smoking status in the subcohort. 
However, this finding was for total mortality, not 
specifically lung cancer. [This was a very large 
study with good exposure assessment based on 
land-use regression models.]

Carey et al. (2013) conducted a study on a large 
(n = 835 607) cohort of primary care patients in 
the United Kingdom. Annual mean concentra-
tions of PM10, PM2.5, NO2, SO2, and ozone were 
assessed at 1  km2 resolution by an emissions 
inventory combined with dispersion model-
ling. Covariates were obtained from electronic 
patient records. The estimated hazard ratios 
were derived from emission-based models. They 
found elevated hazard ratios for lung cancer in 
particular in association with NO2 after adjust-
ment for age, sex, smoking, BMI, and education 
level (HR, 1.11; 95% CI, 1.05–1.17 for a 10.7 µg/m3 
increment). The hazard ratios for the association 
of lung cancer with SO2 and PM were modestly 
elevated with adjustment for the same covariates: 
1.03 (95% CI, 0.99–1.06) per 2.2 µg/m3 increment 
in SO2, 1.03 (95% CI, 0.98–1.09) per 3 µg/m3 of 
PM10, and 1.04 (95% CI, 0.99–1.09) per 1.9 µg/m3 
of PM2.5. With adjustment for income instead 
of education level, the associations for PM and 
NO2 were slightly weaker and not statistically 
significant, whereas the association for SO2 was 
stronger (HR, 1.05; 95% CI, 1.01–1.08). [The 
particular nature of this cohort derived from a 
primary care database and the sensitivity of the 
associations to adjustment for different markers 
of social position makes the interpretation of the 
results difficult.]

2.1.3 Cohort studies in other regions

See Table 2.3.
Cao et al. (2011) examined the association 

of outdoor air pollution with mortality using 
the China National Hypertension Survey, a 
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prospective cohort of approximately 160  000 
adults enrolled in 1991 from 17 provinces in 
China. They limited the analysis to partici-
pants living in urban areas, due to a lack of air 
pollution exposure data in rural areas, leaving 
70 947 participants in 31 cities. Baseline data on 
demographic characteristics, medical history, 
and lifestyle-related factors (including smoking 
variables) were obtained in 1991, and follow-up 
examinations were conducted in 1999 and 2000. 
During the follow-up period, there were 624 
deaths from lung cancer. Annual average TSP, 
SO2, and NOx concentrations measured at a total 
of 103 fixed-site monitoring stations in the 31 
cities were calculated for 1991–2000 and were 
assigned to the participants living in the cities. 
PM10, PM2.5, NO2, and ozone were not meas-
ured. After adjustment for smoking, socioeco-
nomic status (education level and occupation), 
and other potential confounders, the rate ratios 
per 10  μg/m3 increase in each pollutant were 
1.01 (95% CI, 1.00–1.02) for TSP, 1.04 (95% CI, 
1.02–1.06) for SO2, and 1.03 (95% CI, 0.99–1.07) 
for NOx. The effects of SO2 remained even after 
adjustment for TSP or NOx, whereas the effects 
of TSP were attenuated after adjustment for SO2 
or NOx. Using conversion factors (PM10/TSP 
≈0.5 and PM2.5/PM10 ≈0.65), the estimated rate 
ratio per 10  µg/m3 increase in PM2.5 was 1.03 
(95% CI, 1.00–1.07). [Exposure assessment was 
conducted at the central monitoring sites in the 
cities and did not account for variations within 
each city. No information about loss to follow-up 
was provided. The lack of direct measurements of 
PM10 or PM2.5 is a limitation. The authors used a 
single set of conversion factors recommended by 
the China Ministry of Environmental Protection 
for all areas.]

Katanoda et al. (2011) examined the associa-
tions between long-term exposure to air pollution 
and lung cancer in the Three-Prefecture Cohort 
Study in Japan. Each prefecture had one polluted 
(urban) area and one to three non-polluted (rural) 
areas. The participants were residents in these 

areas aged 40  years or older and were enrolled 
into the cohort between 1983 and 1985. Among 
100 615 respondents, the authors restricted the 
analysis to 63 520 participants who had lived in 
the study areas for more than 10 years and had 
complete data for potential confounders. Annual 
mean concentrations of suspended PM (SPM), 
SO2, and NO2 during the period 1974–1983 
measured at monitoring stations were assigned. 
PM2.5 concentrations were estimated from SPM 
using a ratio of 0.7, which was assumed consid-
ering local data obtained in study areas during 
several periods between 1974 and 2005. During 
the 10-year follow-up, there were 518 deaths from 
lung cancer. The relative risks for lung cancer 
mortality associated with a 10-unit increase in 
SPM (μg/m3), PM2.5 (μg/m3), SO2 (ppb), and NO2 
(ppb) were 1.16 (95% CI, 1.08–1.25), 1.24 (95% 
CI, 1.12–1.37), 1.26 (95% CI, 1.07–1.48), and 1.17 
(95% CI, 1.10–1.26), respectively, after adjustment 
for tobacco smoking and other confounding 
factors. Men had slightly higher effect estimates 
than women. The effect estimates were larger for 
male current smokers; for example, the relative 
risks for PM2.5 were 1.35 (95% CI, 1.20–1.52) for 
male current smokers, 1.11 (95% CI, 0.77–1.60) 
for male former smokers, and 1.16 (95% CI, 
1.02–1.33) for female never-smokers. [This study 
included adjustments for a wide range of risk 
factors, which could be expected to account 
for most confounding. The study is notable for 
having adjusted for indoor sources of air pollu-
tion. The Working Group questioned the validity 
of the factors used to estimate PM2.5 from SPM.]

Hales et al. (2012) used the New Zealand 
Census–Mortality Study to examine the asso-
ciation between PM10 exposure and mortality. 
Records from the 1996 New Zealand census 
(n  =  3  732  000) were anonymously and proba-
bilistically linked to mortality data for the next 
3  years, creating a cohort study with 3  years 
of follow-up. There were 1 065 645 adults aged 
30–74  years living in urban areas for which 
data were available on all covariates. A land-use 
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regression model developed and evaluated for 
census area units in Christchurch was extrapo-
lated to urban census area units throughout the 
country to estimate exposure to PM10 in 1996, 
which was validated by Kingham et al. (2008). 
Four PM10 exposure categories (0.1, 7, 14, and 
19  μg/m3) were assigned to the participants 
and analysed as a linear term. The odds ratio 
for lung cancer mortality was 1.015 (95% CI, 
1.004–1.026) per 1 μg/m3 increase in PM10 after 
adjustment for smoking history, socioeconomic 
status, and other potential confounders. [This 
study includes a very large and representative 
sample of the New Zealand population. This 
study also has the strength of modelling PM10 at 
the level of a small census unit, which includes 
approximately 2300 people. There is a concern 
that a land-use regression model developed for 
Christchurch was extrapolated to urban census 
area units throughout the country.]

Yorifuji et al. (2013) studied the association 
between long-term exposure to traffic-related 
air pollution and cause-specific mortality. This 
study is an update of an earlier study of the same 
cohort (Yorifuji et al., 2010). Individual data 
were extracted from an ongoing cohort study of 
elderly residents in Shizuoka Prefecture, Japan 
(the Shizuoka Elderly Cohort). In December 
1999, 22  200 residents were randomly selected 
from all 74 municipalities in Shizuoka, by strat-
ifying both sex and age group (65–74 years and 
75–84 years). In the updated study, Yorifuji et al. 
(2013) extended the follow-up period by 3 years 
and evaluated the lung cancer risk associated 
with traffic-related air pollution. A total of 13 412 
individuals completed questionnaires and were 
eligible to participate, of whom 7650 were lost 
to follow-up from December 1999 to January 
2009. Annual individual exposure to NO2, as an 
index of traffic-related exposure, was assessed for 
1996 to 2009 using a land-use regression model 
and assigned to the participants. Participants 
were assigned an estimated NO2 exposure in the 
fiscal year of the outcome. The relative risk for 

lung cancer mortality associated with a 10 μg/m3 
increase in NO2 was 1.20 (95% CI, 1.03–1.40) 
after adjustment for smoking, socioeconomic 
status, and other potential confounders. The 
relative risk among never-smokers was 1.30 (95% 
CI, 0.98–1.71), whereas among ex-smokers and 
current smokers it was 1.18 (95% CI, 0.98–1.43). 
[The never-smoker category was described as 
non-smokers in the paper.]

Analyses using other windows of expo-
sure (the preceding 1, 2, or 3  years before the 
outcome) gave similar results, and assigning the 
average concentration from the first year of the 
study slightly attenuated the relative risk (RR, 
1.16; 95% CI, 0.97–1.39). Restricting the analysis 
to participants living within 10 km of sampling 
sites increased the relative risk to 1.27 (95% CI, 
1.07–1.50). [The strength of this study is the 
exposure assessment at the individual level and 
the use of individual NO2 exposure as an index 
of traffic-related exposure. A somewhat stronger 
association was found after restricting the partic-
ipants to those living within 10 km of sampling 
sites, presumably reducing measurement error. 
Although there is considerable loss to follow-up, 
the Working Group concluded that this was 
unlikely to have resulted in significant bias.]

2.1.4 Case–control studies

See Table 2.4.
The case–control studies investigating the 

role of air pollution in lung cancer are presented 
below according to the main type of exposure 
under study: all sources, including traffic- 
related air pollution, or specific industrial sources.  
The studies focused on all sources of air pollution 
have been divided according to the methodology 
– qualitative or quantitative – used for exposure 
assessment. In fact, the main development in the 
design of the studies is the evolution of exposure 
assessment methods from the rather crude clas-
sification of urban areas and air pollution zones 
(Vena, 1982; Samet et al., 1987), proximity to 
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industry (Brown et al., 1984; Pershagen, 1985), 
and proximity to traffic (Vineis et al., 2006) 
to more advanced use of fixed-monitor data 
(Jedrychowski et al., 1990), exposure modelling 
(Nyberg et al., 2000), and national spatiotemporal 
air pollution maps (Hystad et al., 2012, 2013).

(a) Studies with qualitative or semiquantitative 
assessment of air pollutant exposure

Vena (1982) conducted a hospital-based case–
control study in Erie County, New York, USA. 
Retrospective data on residential and employ-
ment history and on smoking were obtained from 
417 White male lung cancer patients and 752 
controls with non-respiratory, non-neoplastic 
diseases, admitted from 1957 to 1965. Two-year 
TSP data and a historical review of point sources 
of air pollution were used to define air pollu-
tion zones. Subjects were classified by duration 
of residence in zones with medium or high air 
pollution levels. The results did not show a clear 
association of lung cancer with air pollution 
alone; the relative risk for exposure of 50 years or 
longer in medium- or high-pollution zones went 
from 1.58 (95% CI, 1.09–2.29) after adjustment 
for age and occupation to 1.26 (CI not reported; 
P  >  0.05) after adjustment also for smoking. 
There was a suggestion of effect modification for 
air pollution as there was increased risk from 
smoking and occupational exposures if there was 
also long-term exposure to air pollution. The risk 
for heavy smokers with heavy exposure to air 
pollution was more than 4 times that of men with 
none of the high-exposure conditions. [Exposure 
assessment was rather crude. No response rates 
by case–control status were provided.]

Samet et al. (1987) conducted a popula-
tion-based case–control study of lung cancer 
in New Mexico, USA, between 1980 and 1982, 
including 422 cases and 727 controls. Subjects 
were asked to identify all locations where they 
had resided for 6  months or longer and were 
interviewed about other personal characteris-
tics, including smoking and occupation. The 

residential data were coded at the county and state 
levels and combined with county-level socioeco-
nomic data from population censuses to generate 
indices of time lived in counties or metropolitan 
areas of different sizes, degrees of urbanization, 
and extents of employment in manufacturing 
industries. Residential history patterns were the 
same in cases and controls. There was no associa-
tion of the residential history variables with lung 
cancer risk; relative risks were constantly close 
to unity. [Exposure assessment was rather crude 
in this study.]

Katsouyanni et al. (1991) conducted a case–
control study exploring the role of smoking and 
outdoor air pollution in the causation of lung 
cancer. The study was undertaken in Athens, 
Greece, between 1987 and 1989 and included 
women only; 101 women with lung cancer and 
89 comparison women with fractures or other 
orthopaedic conditions were included. Smoking 
habits were ascertained through interviews, 
whereas lifetime exposure to air pollution was 
assessed by linking lifelong residential and 
employment addresses with objectively esti-
mated or presumed air pollution levels. Pollution 
isopleths were based on smoke and NO2 levels 
measured at fixed-monitor stations in the period 
1983–1985. Air pollution levels were associated 
with increased risk of lung cancer with an odds 
ratio of 1.22 (95% CI, 0.91–1.63) per quartile of 
exposure, which was reduced to 1.09 (CI not 
reported) after adjustment for tobacco smoking. 
The P-value for the interaction of air pollution 
and tobacco smoking was 0.10. There was no 
effect of air pollution among non-smokers [crude 
OR, 0.7], but the relative risk contrasting extreme 
quartiles of air pollution among smokers of 
30  years’ duration was 2.23 (CI not reported). 
[Detailed information on occupational exposure 
and smoking was available, but the size of the 
study is limited.]

Jöckel et al. (1992) conducted a hospital-based 
case–control study in five cities in Germany, 
including 194 lung cancer cases, 194 hospital 
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controls, and 194 population controls (only a 
sample of all hospitals was included). Subjects 
were interviewed for their smoking, occupa-
tional, and residential history by trained inter-
viewers, using a standardized questionnaire. For 
the quantification of occupational exposure to 
known carcinogens of the lung, an approach was 
developed with exposure information obtained 
by supplemental questionnaires. Quantification 
of air pollution was based on emission data for 
SO2 and a semiquantitative index. After adjust-
ment for smoking and occupational exposures, 
relative risks of 1.01 (95% CI, 0.53–1.91) for the 
emission index and 1.16 (95% CI, 0.64–2.13) 
for the semiquantitative index were obtained. 
[Exposure assessment was rather crude, on a 
county basis, and the statistical power was rather 
low.]

Barbone et al. (1995) investigated the rela-
tionship between air pollution and lung cancer 
with a case–control study among men who had 
died in Trieste, Italy, from 1979 to 1981 and from 
1985 to 1986. From an autopsy registry, 755 cases 
and 755 controls were identified, and informa-
tion on smoking, occupation, and residence was 
obtained from the next of kin. Air pollution at 
the residence of each subject was estimated from 
the average value of total PM deposition at the 
nearest monitoring station. After adjustment 
for age, smoking habits, likelihood of exposure 
to occupational carcinogens, and social group, 
the risk of lung cancer increased with increasing 
level of air pollution for all types of lung cancer 
combined (P = 0.022; RR, 1.4; 95% CI, 1.1–1.8 for 
the highest exposure category vs the lowest), for 
small cell carcinoma (P = 0.016), and for large cell 
carcinoma (P = 0.049). Compared with inhabit-
ants of the residential area, the relative risk was 
1.5 (95% CI, 1.0–2.2) for residents of the centre of 
the city and 1.4 (95% CI, 1.0–2.1) for residents of 
the industrial area. The increased relative risk of 
the industrial area was mainly due to exposure to 
an iron foundry (RR, 1.7; 95% CI, 0.7–4.1) and an 
incinerator (RR, 2.6; 95% CI, 1.3–5.1).

Gupta et al. (2001) conducted a case–control 
study on lung cancer in Chandigarh, northern 
India, involving 265 lung cancer cases and 525 
hospital controls matched by age and sex. Data 
were collected in face-to-face interviews. The 
exposure assessment of air pollution was based 
on lifetime residence in areas classified by the 
investigators as predominantly urban, rural, or 
mixed. Residence in urban areas was not associ-
ated with increased risk of lung cancer: the odds 
ratio for men living in urban areas was 0.82 (95% 
CI, 0.53–1.27) and for women living in urban 
areas it was 0.29 (95% CI, 0.07–1.17). [Response 
rates were not reported. Exposure assessment 
was crude, and the precision was rather low.]

Edwards et al. (2006) conducted a case–
control study of lung cancer among women in 
the highly industrialized area of Teesside, in 
north-eastern England. A total of 204 women 
aged 80 years or younger with incident primary 
lung cancer and 339 age-matched community 
controls were recruited for a population-based 
case–control study. Life-course residential, 
occupational, and active and passive smoking 
histories were obtained using an interviewer-ad-
ministered questionnaire. The adjusted odds 
ratio for lung cancer among women living near 
(within 0–5 km of) heavy industry in Teesside or 
elsewhere was 1.85 (95% CI, 0.80–4.24) for more 
than 25 years’ residence versus 0 years, or 1.21 
(95% CI, 0.99−1.47) for each period of 10 years 
living near industry (latency was allowed for 
by disregarding residential exposures within 
the past 20 years). [A low response rate among 
controls (47.8%) is noted.]

Chiu et al. (2006) investigated the relation-
ship between air pollution and lung cancer 
among women in a matched case–control study 
on deaths (972 cases) that occurred in Taiwan, 
China, from 1994 to 2003. The control group 
consisted of women who had died from causes 
other than cancer or respiratory diseases (972 
controls), pair-matched to the cases by sex, year 
of birth, and year of death. A municipality-based 
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aggregate index of long-term exposure to air 
pollution was created by dividing the annual 
average of the measured values for each pollutant 
by the National Ambient Air Quality Standard 
for that pollutant. The ratios for each pollutant 
were scaled to a 100-point scale and then averaged 
together to generate an index value representing 
the net burden of these pollutants. Women who 
lived in municipalities with the highest levels of 
the air pollution exposure index had a statisti-
cally significant increased risk of lung cancer 
compared with those living in municipalities 
with the lowest air pollution exposure index after 
controlling for the urbanization index (RR, 1.28; 
95% CI, 1.02–1.61). [Only housewives according 
to the death certificate were included. Since only 
deceased subjects were in the controls and expo-
sure to air pollution is linked with increased 
cardiorespiratory mortality, exposure to air 
pollution may have been overrepresented in the 
control group, with underestimation of the effect. 
In addition, controlling for urbanization, which 
is likely to be a predictor of pollution levels, could 
result in overadjustment. No smoking data were 
available, although smoking was rare among 
women in Taiwan, China.]

Using the same design as Chiu et al. (2006), 
Liu et al. (2008a) investigated the relationship 
between air pollution and lung cancer in a 
matched case–control study on deaths among 
women (1676 cases and 1676 controls) that 
occurred in Taiwan, China, from 1995 to 2005. 
The classification of exposure was based on the 
measured levels of PM10, SO2, NO2, and CO. NO2 
and CO levels were used to classify subjects’ areas 
of residence into tertiles of pollutant concentra-
tions. An urbanization index and marital status 
were considered in the analyses in addition to the 
matching factors. Among individual pollutants, 
positive associations were observed only for NO2 
and CO. A composite index based on these two 
pollutants yielded adjusted odds ratios of 1.24 
(95% CI, 1.03–1.50) and 1.46 (95% CI, 1.18–1.81) 
for groups with medium and high exposure, 

respectively, compared with the group with low 
exposure, with a statistically significant trend. 
[The study shares the methodology and the limi-
tations of the initial study by Chiu et al. (2006), 
and there may be a partial overlap in the study 
populations.]

Chang et al. (2009) investigated the rela-
tionship between exposure to traffic-related air 
pollution and development of lung cancer in 
women in Taiwan, China, using the density of 
petrol stations as a surrogate measure of expo-
sure. A matched case–control study was based 
on lung cancer deaths among women (4087 cases 
and 4087 controls) from 1997 to 2006, using the 
same design as Chiu et al. (2006). Data on the 
number of petrol stations in study municipali-
ties were collected from the two major petroleum 
supply companies. The petrol-station density per 
square kilometre for each municipality was used 
as an indicator of exposure. There was a statisti-
cally significant exposure–response relationship 
between the tertile of petrol-station density and 
the risk of lung cancer in women after controlling 
for possible confounders. [The study shares the 
methodology and the limitations of the studies 
by Chiu et al. (2006) and Liu et al. (2008a), and 
there may be an overlap in the study populations.]

López-Cima et al. (2011) conducted a hospi-
tal-based case–control study in Asturias, Spain. 
The study area included a large industrial 
setting. A total of 626 lung cancer patients and 
626 controls were recruited and matched by 
ethnicity, hospital, age, and sex. Distances from 
the respective participants’ residential locations 
to industrial facilities and city centres were used 
as a metric of exposure to urban and industrial 
air pollution. Odds ratios for distance to pollu-
tion sources were estimated with adjustment for 
sex, age, hospital area, tobacco smoking, family 
history of cancer, and occupation. Individuals 
living near industries had an excess risk of lung 
cancer (RR, 1.49; 95% CI, 0.93–2.39). The rela-
tive risk was higher for small cell carcinoma (RR, 
2.23; 95% CI, 1.01–4.92). Residents in urban areas 
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showed a statistically significant increased risk 
of adenocarcinoma (RR, 1.92; 95% CI, 1.09–3.38) 
compared with those in rural areas.

(b) Studies of exposure to industrial pollution

Brown et al. (1984) reported the results of a 
case–control study on lung cancer deaths among 
residents near a zinc smelter and a steel manu-
facturing plant in Pennsylvania, USA. Lifetime 
residential, occupational, and smoking histories 
were obtained from the next of kin of 335 White 
male lung cancer cases and 332 White male 
controls. Relative risks were estimated according 
to the distance of the residence from the zinc 
smelter and the steel plant, and according to 
levels of several metals (arsenic, copper, lead, 
manganese, zinc, and cadmium) measured in 
soil samples. Twofold risks of lung cancer were 
associated with residence in areas with heavy 
levels of arsenic (RR, 2.3; 95% CI, 1.0–5.4) and 
cadmium (RR, 2.0; 95% CI, 0.9–4.6). Usual resi-
dence near the zinc plant was associated with 
an increased risk (RR, 1.6; 95% CI, 0.6–4.3), 
although the number of individuals living in the 
higher exposure area was small. These increases 
remained after accounting for cigarette smoking 
and employment in the zinc or steel industry. No 
excess risk was associated with living near the 
steel plant.

Pershagen (1985) studied 212 male lung 
cancer cases and 424 control men who had died 
between 1961 and 1979 in an industrialized 
county in northern Sweden. Data on smoking, 
occupation, and residence were obtained from 
the next of kin. A relative risk of 2.0 (95% CI, 
1.2–3.4) for lung cancer was seen among men 
who had lived within 20  km of a large copper 
smelter that emitted arsenic.

Xu et al. (1989) conducted a case–control 
study in Shenyang, China, with data collected in 
interviews with 1249 patients with lung cancer 
and 1345 population-based controls. After 
adjustment for smoking, the relative risks were 
twice as high among those who reported living 

in smoky outdoor environments (RR, 2.3; 95% 
CI, 1.7–2.9 in men, and RR, 2.5; 95% CI, 1.8–3.5 
in women) compared with subjects living in an 
environment that was not smoky. There were also 
associations with duration of residence within 
200  m of industrial factories such as chemical 
and rubber plants, cement, glass, and asbestos 
factories, and ferrous and non-ferrous smelters 
in men, and wood and paper plants and ferrous 
and non-ferrous smelters in women.

In a subsequent publication on the case–
control study of Xu et al. (1989), Xu et al. (1991) 
performed an additional analysis on residential 
distance from the industrial area. Soil levels of 
arsenic and other metals rose with increasing 
proximity to the Shenyang copper smelter, and 
elevated risks of lung cancer were found among 
men, but not women, living within 1 km of the 
smelter (OR, 3.0; 95% CI, 1.6–6.0).

Biggeri et al. (1996) used the data collected 
by Barbone et al. (1995) to better investigate the 
relationship of lung cancer with the four sources 
of air pollution (shipyard, iron foundry, inciner-
ator, and city centre). Spatial models were used 
to evaluate the effect of sources of pollution on 
lung cancer adjusted for age, smoking habits, 
exposure to occupational carcinogens, and levels 
of PM. The excess relative risk at the city centre 
was 2.2 (P  =  0.0098; CI not reported). At the 
incinerator source, the excess relative risk was 6.7 
(P  =  0.0098; CI not reported). [This is a rather 
large study with improved exposure assessment 
relative to earlier studies and detailed informa-
tion on occupational exposure and smoking.]

A case–control study involving interviews 
with 117 women with lung cancer and 117 
matched hospital controls was conducted in 
Taiwan, China, from 1992 to 1993 (Ko et al., 1997). 
Information on cigarette smoking and suspected 
risk factors for lung cancer, including residential 
distance from industrial plants, was collected 
by interview. Only a small proportion (9.4%) of 
female cases had smoked. Among non-smoking 
women, the odds ratio for the association of lung 
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cancer with living near an industrial district 
for 20 years or longer was 2.7 (95% CI, 0.9–7.8) 
after adjustment for several covariates, including 
indoor air pollution from cooking. [This is a rela-
tively small study with a rather crude exposure 
assessment.]

To investigate the relationship between petro-
chemical air pollution and lung cancer, Yang 
et al. (1999) conducted a matched case–control 
study among women who had died in Taiwan, 
China, from 1990 to 1994, using a similar design 
to Chiu et al. (2006); 399 lung cancer cases and 
399 controls were matched by sex, year of birth, 
and year of death. The proportion of a munici-
pality’s total population employed in the petro-
chemical manufacturing industry was used as an 
indicator of exposure to air emissions from this 
industry. For women who lived in municipalities 
with the highest level of petrochemical industry 
employment, the odds ratio was 1.66 (95% CI, 
1.05–2.61) compared with women who lived in 
municipalities with the lowest petrochemical 
industry employment level after controlling 
for possible confounders. [The study shares the 
methodology and the limitations of the studies 
by Chiu et al. (2006) and Liu et al. (2008a).]

Petrauskaite et al. (2002) conducted a case–
control study on lung cancer near an industry 
producing sulfuric acid and fertilizers in central 
Lithuania. Between 1967 and 1973, the levels of 
sulfuric acid exceeded 500 µg/m3 within 2 km of 
the industry and 100 µg/m3 more than 5 km away. 
A total of 277 men diagnosed with lung cancer 
during 1981–1991 and 1108 deceased controls, 
excluding deaths from respiratory cancer, were 
included. Information on residential history 
since 1960, smoking habits, and lifetime occu-
pations and workplaces was obtained from ques-
tionnaires mailed to the next of kin. The relative 
risk of lung cancer associated with living within 
approximately 5 km of the plant was 1.02 (95% 
CI, 0.76–1.38) compared with never having lived 
in the area. No relationship with distance or 
with duration of residence was observed. [Since 

only deceased subjects were in the control group 
and exposure to air pollution is linked with 
increased cardiorespiratory mortality, exposure 
to air pollution may have been overrepresented 
in the control group, with underestimation of 
the effect. The Working Group noted a minor 
discrepancy in the odds ratios reported in the 
abstract and tables of this paper; the odds ratio 
from the abstract is shown here.]

Bessö et al. (2003) evaluated the association 
of exposure to industrial air pollution and lung 
cancer risk in a case–control study in the vicinity 
of a non-ferrous metal smelter in Sweden. The 
work was an extension of the study previously 
conducted by Pershagen (1985). The smelter 
started operations in 1930 and had very high 
emissions of arsenic and SO2 in the early years. 
Among people who had died in 1961–1990 in 
the municipality where the smelter was located 
and who had not worked at the smelter, 316 lung 
cancer cases were identified and matched by sex 
and year of birth to 727 controls. Information 
on smoking habits, occupations, and residences 
was collected from questionnaires mailed to the 
next of kin and from registry data. Living close 
to the smelter was associated with a relative risk 
for lung cancer of 1.38 (95% CI, 0.89–2.14) among 
men after adjustment for smoking and occupa-
tional exposures. For women, however, no overall 
increased risk of lung cancer was observed (OR, 
0.88; 95% CI, 0.48–1.62).

Pisani et al. (2006) conducted a case–control 
study in Lampang Province, Thailand, to assess 
the risk of lung cancer associated with exposures 
in the area, including power plants and coal 
mines, and to investigate possible interactions 
with genetic susceptibility. A total of 211 cases of 
lung cancer diagnosed in 1993–1995 among resi-
dents of the province were recruited at the provin-
cial hospital. Community (n = 202) and hospital 
(n = 211) controls were frequency-matched to the 
cases by sex and age. Sociodemographic infor-
mation, complete residential history, and char-
acteristics of the household related to cooking 
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and heating, occupational history, and history of 
tobacco smoking were obtained by interview. An 
air pollution exposure index was calculated for 
each village or township reported in residential 
histories, based on the linear distance from the 
power plants, the annual SO2, NO2, and TSP emis-
sions from the power plant, and the percentage of 
time that wind blew from the power plant centre. 
For the highest category of estimated cumulative 
exposure to SO2 and NO2 emissions versus the 
lowest category, the overall odds ratio was 1.2 
(95% CI, 0.7–2.0). The cumulative index of expo-
sure to PM was not associated with lung cancer. 
[The controls included individuals hospitalized 
for causes related to air pollution exposure, such 
as cardiovascular disease, with a possibility of a 
bias to the null.]

(c) Studies with quantitative assessment of air 
pollutant exposure

Jedrychowski et al. (1990) reported the 
results of a case–control study of 1099 lung 
cancer deaths and 1073 age- and sex-matched 
control deaths from other, non-respiratory 
causes that occurred in 1980–1985 in Cracow, 
Poland. Information on occupation, smoking 
habits, and residency was collected from the next 
of kin. Exposure to outdoor air pollution was 
estimated from levels of TSP and SO2 measured 
by an urban monitoring network from 1973 to 
1980. In men exposed to the highest air pollution 
level (TSP >  150  µg/m3 and SO2 >  104  µg/m3), 
the relative risk was 1.46 (95% CI, 1.06–1.99). In 
women exposed in the combined medium and 
high air pollution categories, the relative risk was 
1.17 (95% CI, 0.70–1.96). The joint action of the 
risk factors of smoking, occupational exposure, 
and air pollution was found to fit a multiplicative 
model. [This is a large study with detailed infor-
mation on occupational exposure and smoking, 
and improved exposure assessment relative to 
earlier case–control studies, which did not quan-
tify exposure.]

Nyberg et al. (2000) conducted a popula-
tion-based case–control study among men aged 
40–75 years with incident lung cancer in 1985–
1990 in Stockholm County, Sweden. A total 
of 1042 cases and 2364 controls were studied, 
with a response rate of more than 85%. Local 
annual source-specific air pollution levels were 
estimated by dispersion modelling of emission 
data for NOx/NO2 and SO2 and linked to resi-
dential addresses. More details on the exposure 
assessment are available from Bellander et al. 
(2001). Average traffic-related NO2 exposure over 
10 years (lagged 20 years) was associated with a 
relative risk of 1.10 (95% CI, 0.97–1.23) for each 
10  µg/m3 increase in NO2. The relative risk for 
the top decile of NO2 exposure was 1.44 (95% CI, 
1.05–1.99). In contrast, no association was found 
for SO2 from heating: the relative risk was 1.01 
(0.98–1.03) for each 10  µg/m3 increase in SO2. 
All the risk estimates were adjusted for age, year, 
tobacco smoking, socioeconomic status, resi-
dential radon, and occupational exposures. The 
relative risk for never-smokers exposed to NO2 
above the 90th percentile (> 29.3 µg/m3) versus 
below the first quartile (< 12.7 µg/m3) was 1.68 
(95% CI, 0.67–4.19). [This is a large study with 
high-quality historical exposure assessment and 
detailed information on smoking.]

Hystad et al. (2013) investigated lung cancer 
incidence in relation to long-term exposure to 
outdoor air pollutants and proximity to major 
roads in a population-based case–control study. 
Annual residential exposure to fine PM (PM2.5), 
NO2, and ozone over a 20-year period was 
compared among 2390 incident lung cancer cases 
and 3507 population controls in eight Canadian 
provinces from 1994 to 1997. Residential expo-
sure to air pollutants was estimated using self-re-
ported residential histories from 1975 to 1994 and 
national spatial surfaces of outdoor air pollution 
compiled from satellite-based estimates (for 
PM2.5 and NO2) and a chemical transport model 
(for ozone) and then adjusted with historical 
annual air pollution monitoring data. Details 
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of the exposure assessment are presented by 
Hystad et al. (2012). Hierarchical logistic regres-
sion models incorporated a comprehensive set 
of individual and geographical covariates. There 
was an increase in lung cancer incidence, with 
relative risks of 1.29 (95% CI, 0.95–1.76) with a 
10-unit increase in PM2.5 (µg/m3), 1.11 (95% CI, 
1.00–1.24) with a 10-unit increase in NO2 (ppb), 
and 1.09 (95% CI, 0.85–1.39) with a 10-unit 
increase in ozone (ppb). A subanalysis conducted 
in urban centres using exposures derived from 
fixed-site air pollution monitors supported the 
national results, with larger associations for NO2 
(RR, 1.34; 95% CI, 1.07–1.69) and PM2.5 (RR, 
1.33; 95% CI, 0.82–2.15) per 10-unit increase. 
An elevated relative risk was found among those 
living within 50 m of highways (RR, 1.23; 95% CI, 
0.76–1.98) but not among those living near major 
roads. There was an increased risk of adenocarci-
noma with an increase of 10 ppb in NO2 exposure 
(OR, 1.17; 95% CI, 1.01–1.35) and an increased but 
non-significant risk with an increase of 10 µg/m3 
in PM2.5 exposure (OR, 1.27; 95% CI, 0.84–1.90). 
The odds ratio for PM2.5 among never-smokers 
was 0.95 (95% CI, 0.38–2.34) based on 120 cases. 
[This is a large study, and notable strengths are 
the historical exposure estimation at an indi-
vidual level, data for lung cancer subtypes, and 
adjustment for an extensive list of potential 
confounders, including known lung cancer risk 
factors. Despite the large size, the study had 
limited power to examine associations among 
never-smokers.]

2.1.5 Studies of outdoor workers and cancer 
of the lung

See Table 2.5.
Outdoor air pollution can be an occupational 

exposure for workers in polluted outdoor environ-
ments. Studies have been conducted on workers 
exposed to urban air pollution or specific sources 
of pollution, such as diesel and gasoline engine 
emissions. This group of studies was previously 
analysed in the IARC Monograph on diesel and 

gasoline engine exhausts (IARC, 2013). Therefore, 
there is an overlap between the present volume 
and the previous IARC Monograph on diesel and 
gasoline engine exhausts, since these two sources 
are important contributors to urban air pollution. 
On this basis, occupational cohorts and case–
control studies considering professional drivers, 
traffic police, mail carriers, and filling station 
attendants are reviewed here, as the occupation 
can be considered an estimator of air pollution 
exposure shared with the general population. The 
studies on occupations with specific exposure to 
diesel exhaust, such as underground miners and 
railway workers, have already been reviewed in 
the IARC Monograph on the carcinogenicity of 
diesel and gasoline engine exhausts, and they are 
not considered in detail here.

(a) Cohort studies
(i) Professional drivers (bus drivers, taxi 

drivers, and lorry drivers)
Balarajan & McDowall (1988) studied a total 

of 3392 male professional drivers in London, 
United Kingdom, with a retrospective mortality 
study. The cohort was enrolled from the National 
Health Service Central Register with occupa-
tional information since 1939. Subjects whose 
occupational description was bus, coach, lorry, 
or taxi driver were enrolled and followed up 
for mortality during the period 1950–1984. 
During the follow-up period, there were signifi-
cantly fewer deaths (n = 2182) than expected (in 
England and Wales) from all causes (standardized 
mortality ratio [SMR], 0.91; [95% CI, 0.87–0.95]). 
Overall, the standardized mortality ratio for 
lung cancer was 1.47 [95% CI, 1.32–1.64]. Lorry 
drivers showed excess deaths from lung cancer 
(SMR, 1.59; [95% CI, 1.41–1.79]), a pattern not 
evident among taxi drivers. [No estimate of air 
pollution exposure was available in the study. No 
measure of duration of exposure was available. 
No individual information on smoking habits 
was available.]
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Carstensen et al. (1988) reported the results 
of an occupational morbidity analysis based on 
the Swedish Cancer–Environment Register to 
evaluate the relationship between occupation 
and lung cancer incidence during the period 
1961–1979 in 1.6 million men aged 30–64 years 
in 1960. By adding information about smoking 
habits from a sample of 1% of the Swedish 
population, smoking-adjusted [indirect adjust-
ment] standardized incidence ratios (SIRs) 
were estimated for different occupational cate-
gories according to the population census of 
1960. Smoking-adjusted excess risks (P  <  0.01) 
were found in assemblers and machine erec-
tors, professional drivers, miners, packers, and 
longshoremen as well as in sheet metal workers. 
The smoking-adjusted standardized incidence 
ratio for professional drivers, based on 1021 lung 
cancer cases, was 1.14 (95% CI, 1.03–1.25). [The 
number of subjects in the category “Drivers, road 
transport” was not given.]

Paradis et al. (1989) studied 2134 male bus 
drivers in Montreal, Canada, employed for at 
least 5 years as of January 1962 and followed up 
until 31 December 1985. They were compared 
with the male population of the Greater Montreal 
area. The number of deaths observed was 804. 
The overall mortality was somewhat lower than 
expected (SMR, 0.97). No excesses were observed 
for lung cancer (SMR, 0.92; 95% CI, 0.73–1.14), 
and no excess was found among those with a 
longer duration of employment (≥  30  years; 
SMR, 0.85; 95% CI, 0.62–1.13). [No measure of 
air contamination was available. No information 
on smoking habits was available.]

Rafnsson & Gunnarsdóttir (1991) studied 
the mortality of truck drivers and taxi drivers 
in Reykjavik, Iceland. The subjects were enrolled 
from the membership rolls of the Truck Drivers’ 
Union and the Cooperative Taxi Agency. The 
cohort was assembled in 1951, and the follow-up 
lasted until 1 December 1988. The national 
mortality rate was used for comparison. The 
868 truck drivers had an excess of lung cancer 

deaths (SMR, 2.14; 95% CI, 1.37–3.18) but fewer 
deaths than expected from respiratory diseases 
(15 observed vs 30.1 expected). The standard-
ized mortality ratio from lung cancer did not 
steadily increase as the duration of employment 
increased, nor did it change with the length of 
follow-up. The standardized mortality ratio for 
lung cancer among the 726 taxi drivers was 1.39 
(95% CI, 0.72–2.43). Information on smoking 
was available from a subset of the cohorts partic-
ipating in a cross-sectional survey. A slightly 
higher prevalence of ever-smokers among truck 
drivers than among taxi drivers or the entire 
surveyed population was found. [No measure of 
air contamination was available.]

Gubéran et al. (1992) conducted a historical 
prospective cohort study of 6630 drivers from 
the Canton of Geneva, Switzerland, to evaluate 
cancer mortality and incidence in this occupa-
tion. The study population was all men (of all 
occupations) who held in 1949 a special licence 
for driving lorries, taxis, buses, or coaches; all 
new licence holders in the period 1949–1961 
were also included. According to the occupa-
tion registered on their licence, the 6630 drivers 
were divided into three groups: (i) professional 
drivers (n  =  1726), (ii) non-professional drivers 
“more exposed” to exhaust gas and fumes (this 
group included occupations such as vehicle 
mechanic, police officer, and road sweeper; 
n  =  712), and (iii) non-professional drivers 
“less exposed,” composed of all other occupa-
tions (n  =  4192). The cohort was followed up 
from 1949 to December 1986. Compared with 
the general population living in the Canton of 
Geneva, professional drivers experienced signif-
icant excess risks, taking into account 15 years of 
latency, for all causes of death (SMR, 1.15; 90% 
CI, 1.07–1.23) and for all malignant neoplasms 
(SMR, 1.25; 90% CI, 1.12–1.40; SIR, 1.28; 90% 
CI, 1.15–1.42). Cause-specific analysis showed 
significant excesses for lung cancer (SMR, 1.50; 
90% CI, 1.23–1.81; SIR, 1.61; 90% CI, 1.29–1.98). 
Risk of lung cancer increased significantly with 
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time from first exposure. Among non-profes-
sional drivers, no significant excess risk was 
found except for lung cancer mortality among 
the “less exposed” group (SMR, 1.21; 90% CI, 
1.03–1.40) and for lung cancer incidence among 
the “more exposed” group (SIR, 1.61; 90% CI, 
1.11–2.27). [No measure of air contamination 
was available. No information on smoking habits 
was available.]

Borgia et al. (1994) conducted a historical 
cohort study to evaluate the mortality patterns 
of taxi drivers in Rome, Italy. A total of 2311 
male subjects registered as taxi drivers between 
1950 and 1975 with the local taxi cooperatives 
were followed up from 1965 to 1988. The overall 
mortality was lower than expected on the basis 
of the regional reference rates (692 deaths; SMR, 
0.89; 95% CI, 0.82–0.96), whereas the number of 
recorded deaths for malignant neoplasms was 
about the expected number (205 deaths; SMR, 
0.99; 95% CI, 0.86–1.13). Mortality from circu-
latory and respiratory diseases was lower than 
expected [suggesting that smoking was of less 
importance in the cohort]. An increased stand-
ardized mortality ratio was seen for respiratory 
cancer (SMR, 1.23; 95% CI, 0.98–1.50), mainly 
due to lung cancer (observed  =  76; SMR, 1.23; 
95% CI, 0.97–1.54); two pleural cancers were also 
recorded. The excess of lung cancer deaths was 
present only among those enrolled in the most 
recent period (1965–1975) (45 deaths; SMR, 1.40; 
95% CI, 1.02–1.87), especially among those of 
younger age (< 65 years; SMR, 1.86); there was no 
relationship between lung cancer mortality and 
latency since first enrolment in the cooperatives 
or duration of membership. A survey among 400 
currently employed taxi drivers at the time of the 
study indicated that the age-adjusted prevalence 
of current (55.8%) and former (18.8%) smokers 
among taxi drivers was slightly higher than 
that of the general population (50.8% and 9.3%, 
respectively). [No measure of air contamination 
was available. Exposure to second-hand smoke 

and the higher prevalence of smoking among 
taxi drivers are possible sources of confounding.]

Jakobsson et al. (1997) studied the risk of lung 
cancer in different subgroups of professional 
drivers in urban and rural areas of Sweden. 
Information on occupation and geographical 
region was obtained from the Swedish census of 
1970, and data on the incidence of lung cancer 
between 1971 and 1984 from the Swedish Cancer 
Registry. Professional drivers were separated into 
bus drivers, taxi drivers, and long- and short-dis-
tance lorry drivers. Comparisons of cumulative 
incidence of lung cancer were made between 
each particular group of drivers and all employed 
men in the same region. After indirect adjust-
ment for differences in smoking habits (based 
on the 1963 Swedish survey on smoking habits), 
the relative risks were significantly increased for 
taxi drivers (RR, 1.3; 95% CI, 1.0–1.8), long-dis-
tance lorry drivers (RR, 1.4; 95% CI, 1.1–1.8), and 
short-distance lorry drivers (RR, 1.7; 95% CI, 
1.3–2.3) in Stockholm but not for other groups 
of drivers in mainly rural areas of Sweden (coun-
ties other than Stockholm, Gothenburg/Bohus, 
and Malmöhus): taxi drivers (RR, 0.9; 95% CI, 
0.6–1.2), short-distance lorry drivers (RR, 1.0; 
95% CI, 0.7–1.2), and long-distance lorry drivers 
(RR, 0.9; 95% CI, 0.8–1.1).

Soll-Johanning et al. (1998) conducted a 
retrospective cohort study of 18 174 bus drivers 
and tramway employees (of both sexes) in 
Copenhagen, Denmark, who were employed 
during the period 1900–1994. The follow-up was 
conducted for the period 1943–1992. Cancer 
rates were compared with the general population 
of Denmark by linkage to the Danish Cancer 
Registry and the National Death Index to iden-
tify cancers that occurred since 1943. The stand-
ardized incidence ratio of lung cancer among 
those employed for 3 months or longer was 1.6 
(95% CI, 1.5–1.8; 473 cases) for men and 2.6 
(95% CI, 1.5–4.3; 15 cases) for women. In both 
men and women, there was a greater risk of lung 
cancer with greater time since first employment. 
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There was no trend in lung cancer risk based on 
the period of predominantly gasoline or diesel 
vehicle use, and the risks were similarly elevated 
for workers starting before, at the onset of, or 
during the use of diesel buses. [There was no 
specific exposure information. Compared with 
other men in Copenhagen, the smoking rates 
among the bus drivers were slightly greater 
during some time periods, suggesting the possi-
bility of some confounding by smoking, but this 
is unlikely to explain the elevated risks found.]

The same investigators (Soll-Johanning et al., 
2003) conducted a nested case–control study of 
153 lung cancer cases included in the previous 
cohort of bus drivers and tramway employees 
(Soll-Johanning et al., 1998). The cases and 
controls or their next of kin were interviewed 
about smoking history. Deaths were excluded 
from the control group if the person had died 
of cancer or non-neoplastic respiratory disease. 
Cases and controls were matched by date of birth 
as well as vital status. One of the main exposure 
variables was an air pollution index, estimated 
on the basis of a predicted estimate of air pollu-
tion along each segment along the bus lines when 
considering the local traffic, the street configura-
tion, and the urban background. Both 10-year-lag 
and no-lag models based on employment dura-
tion were assessed, adjusting for smoking history 
in seven categories based on pack-years. There 
was no consistent elevation in lung cancer risk 
based on categories of employment duration in 
either lag model. The risk increased, although 
the increase was not statistically significant, with 
more years of employment, but then decreased 
for a duration of 20  years or longer. The odds 
ratio for lung cancer associated with the high 
versus the low air pollution index was 0.99 (95% 
CI, 0.36–2.75), with a lag time of more than 
10  years. [This study also reported results for 
several other cancers, including bladder cancer 
and leukaemia.]

Pukkala et al. (2009) conducted a cohort 
study with linkage of individual records in all the 

Nordic countries. The study covers the 15 million 
people aged 30–64  years in the 1960–1990 
censuses in five countries and the 2.8  million 
incident cancer cases diagnosed in these people 
in a follow-up until about 2005. In the censuses, 
information on occupation for each person was 
provided through free text in self-administered 
questionnaires. The original occupational codes 
were reclassified into 53 occupational catego-
ries, including professional drivers and postal 
workers. The observed number of cancer cases 
in each group of people defined by country, 
sex, age, period, and occupation was compared 
with the expected number calculated from the 
stratum-specific person-years and the incidence 
rates for the national population. The stand-
ardized incidence ratios for lung cancer in men 
were 1.28 (95% CI, 1.26–1.31; 12  882 cases) for 
drivers and 0.95 (95% CI, 0.90–0.99; 1783 cases) 
for postal workers. The corresponding standard-
ized incidence ratios for women were 1.46 (95% 
CI, 1.27–1.67; 210 cases) for drivers and 1.01 (95% 
CI, 0.95–1.08; 962 cases) for postal workers. [This 
study may partially overlap with other studies 
previously described in the Nordic countries.]

Petersen et al. (2010) reported on cancer inci-
dence in a cohort of 2037 male urban bus drivers 
in Denmark that was established in 1978, with a 
25-year follow-up period from 1979 to 2003. In 
1978, public bus drivers in the three largest cities 
in Denmark were sent a mailed questionnaire, 
which requested an occupational history and 
information regarding bus route and smoking 
habits. Information on incident cases of cancer 
through 2003 was obtained by linkage to the 
Danish Cancer Registry. Using external rates 
from the men in the three cities, the standard-
ized incidence ratio for lung cancer among bus 
drivers was 1.2 (95% CI, 1.0–1.4; 100 cases), 
and 1.3 (95% CI, 1.0–1.8) with employment of 
15 years or longer. A Cox regression model was 
used to assess the relationship between risk and 
employment duration. After adjustment for 
smoking, city of employment, and usual type of 
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bus route operated (urban or rural), in addition 
to age and calendar time, no overall increased 
risk was observed for lung cancer per year of 
extra employment as a bus driver (RR, 1.00; 95% 
CI, 0.98–1.03). Compared with drivers employed 
for less than 15  years, the incidence rate ratios 
(IRRs) were 0.89 (95% CI, 0.59–1.48) for those 
employed for 15–24  years and 0.95 (95% CI, 
0.55–1.63) for those employed for 25  years or 
longer. There was no change in the estimates in a 
10-year-lag model. [These data indicate that when 
adjusted for smoking and other risk factors and 
using an internal comparison group, there was 
little to no increased risk of lung cancer in bus 
drivers with increasing duration of work. This 
finding is in contrast to the elevated risks for bus 
drivers suggested by the standardized incidence 
ratio results also reported. This study partially 
overlaps with Pukkala et al. (2009). Data were 
reported for several other cancer sites, including 
the bladder.]

Merlo et al. (2010) conducted a historical 
mortality cohort study among public trans-
portation workers ever employed between 
1949 and 1980 in Genoa, Italy. They estimated 
overall and cause-specific mortality from 
January 1970 to December 2005. A total of 9267 
men were studied, including 6510 bus drivers. 
Standardized mortality ratios were computed by 
applying Italian and regional male death rates to 
person-years of observation for the entire cohort. 
An analysis by longest held job title, length of 
employment, and time since first employment 
was done using the Poisson regression model. 
The standardized mortality ratio for lung cancer 
was 1.16 (95% CI, 1.05–1.28; 386 deaths), and 
1.11 (95% CI, 0.98–1.26; 235 deaths) among bus 
drivers. [No smoking information was available. 
Data were reported for several other cancers.]

(ii) Urban police officers
Forastiere et al. (1994) evaluated a total of 

3868 urban police officers (including traffic 
wardens, car drivers, motorcyclists, and office 

workers) in Rome, Italy, through a historical 
cohort study with emphasis on mortality from 
cardiovascular disease and cancer. Male subjects 
employed as of 31 December 1972 (or subse-
quently hired through 1975) as urban police 
officers were followed up until 1991. Mortality 
from all causes, cardiovascular disease, respira-
tory conditions, digestive and genitourinary 
diseases, and accidents was lower than expected. 
The standardized mortality ratio for lung cancer 
mortality was 1.05 (95% CI, 0.84–1.30; 82 deaths). 
Analysis for lung cancer by duration of employ-
ment and time since employment did not reveal 
increased lung cancer mortality among those 
in the longest duration category (≥ 30 years; 18 
deaths; SMR, 0.86; 95% CI, 0.51–1.36) and in the 
last latency category (≥ 30 years since hiring; 56 
deaths; SMR, 1.11; 95% CI, 0.84–1.45). In nested 
case–control analyses conducted to evaluate 
lung cancer mortality risk by police officers’ 
job category while considering smoking habits, 
no significant associations were observed (81 
lung cancer cases; 405 controls). [The length of 
follow-up might be considered insufficient to 
detect an increase of lung cancer. No smoking 
data were available for the cohort analysis. Data 
for several other cancers were also reported.]

(iii) Mail carriers
Soll-Johanning & Bach (2004) evalu-

ated cancer incidence among mail carriers in 
Copenhagen, Denmark. The retrospective cohort 
study included 17 233 people who had been mail 
carriers for Post Denmark during the period 
1898–1996. Data on employment were obtained 
from company files, and cancer incidence was 
obtained from the Danish Cancer Registry. Male 
mail carriers employed for longer than 3 months 
had a standardized incidence ratio for cancer of 
0.92 (95% CI, 0.88–0.97) and for lung cancer of 
0.96 (95% CI, 0.86–1.08; 298 cases). [Data were 
also reported for other cancers.]
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(iv) Filling station attendants
Lagorio et al. (1994) evaluated the mortality 

of a cohort of 2665 filling station managers from 
the Latium region, Italy. Only self-employed indi-
viduals were available for study (about 50% of the 
whole workforce). The follow-up period extended 
from 1981 to 1992. The mortality of the cohort 
was compared with that of the regional popula-
tion. The overall analysis showed a significantly 
decreased mortality from all causes, mainly due 
to a deficit of cardiovascular diseases and malig-
nant neoplasms. Mortality due to lung cancer 
(SMR, 0.87; 95% CI, 0.64–1.23; 29 deaths) was 
lower than expected. [No analysis was reported 
by duration or time since first employment. No 
smoking data were available. Data were reported 
for several other cancers.]

(b) Case–control studies

Several case–control studies of lung cancer 
have evaluated risks among professional drivers 
and other outdoor occupations potentially 
exposed to air pollution. The case–control 
studies of truck drivers exposed to diesel exhaust 
have been reviewed in the IARC Monograph 
on diesel and gasoline engine exhausts (IARC, 
2013), whereas the studies on other drivers 
(including broad groupings of drivers that some-
times included truck drivers) and other outdoor 
workers are briefly reviewed here.

Hansen et al. (1998) conducted a nation-
wide case–control study (1970–1989) based on 
employees, including 28 744 men with primary 
lung cancer and incidence density sampled 
matched controls (1:1 match). Employment 
histories were reconstructed back to 1964 for 
each study subject from the records of a nation-
wide pension scheme with compulsory member-
ship, and socioeconomic status was derived from 
the individual job title taken from the national 
population registry. The adjusted odds ratio for 
lung cancer was 1.6 (95% CI, 1.2−2.2; 277 cases) 
for taxi drivers (considered to be the most highly 

exposed to outdoor air pollution), 1.3 (95% CI, 
1.2–1.5; 972 cases) for bus and lorry drivers, and 
1.4 (95% CI, 1.3–1.5; 1002 cases) for unspecified 
drivers. The risk of lung cancer increased signif-
icantly with increasing duration of employment 
as a driver.

Brüske-Hohlfeld et al. (1999) conducted a 
pooled analysis of two case–control studies of 
lung cancer in Germany on 3498 male cases 
with histologically or cytologically ascertained 
lung cancer and 3541 male population controls. 
Information about lifelong occupational and 
smoking history was obtained by interview. The 
group of professional drivers (e.g. trucks, buses, 
and taxis) showed an increased risk in western 
Germany (OR, 1.44; 95% CI, 1.18–1.76) but not in 
eastern Germany (OR, 0.83; 95% CI, 0.60–1.14) 
after adjustment for smoking and asbestos 
exposure.

Menvielle et al. (2003) investigated all lung 
cancer cases diagnosed between January 1993 
and December 1995 (228 lung cancers) in 
New Caledonia and 305 population controls. 
Information on lifetime job history, smoking, 
and other potential risk factors was collected by 
interview. Among men, an excess risk of lung 
cancer was found for bus, lorry, and van drivers 
(OR, 2.7; 95% CI, 1.1–7.0; 13 exposed cases) after 
adjustment for age, ethnicity, and smoking.

Consonni et al. (2010) examined the relation-
ship between occupation and lung cancer in a 
case–control study (2002–2005) in the Lombardy 
region of northern Italy, including 2100 incident 
lung cancer cases and 2120 randomly selected 
population controls. The odds ratio for bus and 
truck drivers was 1.23 (95% CI, 0.90–1.68) after 
adjustment for area of residence, age, smoking, 
and number of jobs held.

(c) Meta-analyses

Tsoi & Tse (2012) conducted a systematic 
review on the association between professional 
drivers and lung cancer, taking into consid-
eration the potential confounding effect of 
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cigarette smoking. They systematically searched 
all published cohort and case–control studies 
in English from January 1996 to January 2011. 
A total of 19 studies were included in the 
meta-analysis (8 cohort studies and 11 case–
control studies), and a significantly increased 
risk of lung cancer (pooled smoking-adjusted 
RR, 1.18; 95% CI, 1.05–1.33) among professional 
drivers was observed after combining 4 cohort 
studies and 9 case–control studies. A higher 
pooled relative risk was observed among smok-
ing-adjusted studies reporting 10 years or longer 
of employment (RR, 1.19; 95% CI, 1.06–1.34) 
compared with the study reporting shorter dura-
tion of employment (6 years; RR, 1.00; 95% CI, 
0.92–1.09). [There was no information on never-
smokers or non-smokers.]

2.2 Cancer of the urinary bladder

Compared with studies focusing on lung 
cancer, there are a limited number of studies 
considering cancers of the urinary bladder as an 
outcome of exposure to outdoor air pollution. 
Some studies addressed occupations preferen-
tially exposed to specific components of urban 
outdoor air pollution, such as diesel and gasoline 
engine emissions. Fewer studies focused on the 
general population, using population density or 
measures of specific pollutants as estimates of 
exposure. This section presents a summary of 
the studies that assessed the association between 
exposure to outdoor air pollution and bladder 
cancer, stratified by exposure scenario or occu-
pation and also by adjustment for smoking, a 
potential confounder and an important risk 
factor for bladder cancer. Stratification by study 
design was not informative, due to few studies of 
case–control or cohort design within the analyses 
stratified by smoking and occupation. Another 
important consideration is that among several 
studies from Taiwan, China, not all assessed 
arsenic exposure, an important risk factor for 
bladder cancer.

Details of occupational studies that assessed 
bladder cancer as well as lung cancer have been 
described above in the section on studies of lung 
cancer in outdoor workers (Section 2.1.4).

2.2.1 Ecological studies

Ecological studies in the USA reported 
increased mortality from bladder cancer among 
people living in urban areas compared with rural 
areas. Blot & Fraumeni (1978) reported increased 
age-adjusted mortality during 1950–1969 in 
people living in urban areas compared with 
rural areas within 3056 counties of the contig-
uous USA after controlling for several variables 
in the multivariate regression models, such 
as ethnicity, occupation, income, and educa-
tion level. Considering population density as a 
proxy estimate of urban air pollution (traffic and 
industrial pollution), Colli et al. (2012) reported 
significant increases in bladder cancer mortality 
rates with increases in population density (in 
quartiles) in 2248 counties of the USA during 
the period 1950–1994. [The Working Group 
noted that the interpretation of these findings is 
limited by the ecological design, the aggregate 
level of information on exposure to air pollu-
tion, and a limited ability to assess the impor-
tance of potential confounders, such as smoking. 
However, there was evidence of increasing risk 
with increasing population density in the study 
of Colli et al. (2012).]

2.2.2 Exposure to traffic

See Fig. 2.1
Several studies have examined the associa-

tion between exposure to outdoor air pollution 
from traffic, using various metrics, and the risk 
of bladder cancer. Most studies adjusted for 
smoking (Soll-Johanning et al., 2003; Guo et al., 
2004; Castaño-Vinyals et al., 2008; Wilson et al., 
2008; Raaschou-Nielsen et al., 2011b), although 
two studies did not adjust for smoking (Visser 
et al., 2004; Liu et al., 2009). All but three studies 
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observed an increased risk of bladder cancer 
(25–40% increase) associated with various 
metrics of traffic exposure.

2.2.3 Taxi drivers

See Fig. 2.2
The studies that evaluated the association 

between occupation as a taxi driver and the risk 
of bladder cancer are presented in Fig. 2.2. Both 
the studies that adjusted for smoking (Schoenberg 
et al., 1984; Jensen et al., 1987; Silverman et al., 
1989a, b; Colt et al., 2004, 2011; Gaertner et al., 
2004; Guo et al., 2004; Band et al., 2005; Dryson 
et al., 2008; Samanic et al., 2008) and those that 
did not adjust for smoking (Decouflé et al., 1977; 
Rafnsson & Gunnarsdóttir, 1991; Dolin & Cook-
Mozaffari, 1992; Borgia et al., 1994) generally 
showed an increased risk of bladder cancer.

2.2.4 Bus drivers

See Fig. 2.3
The studies that evaluated the association 

between occupation as a bus driver and the risk 
of bladder cancer are presented in Fig. 2.3. The 
results of studies that did not adjust for smoking 
(Decouflé et al., 1977; Wynder et al., 1985; 
Paradis et al., 1989; Dolin & Cook-Mozaffari, 
1992; Soll-Johanning et al., 1998) as well as those 
that adjusted for smoking (Schoenberg et al., 
1984; Jensen et al., 1987; Silverman et al., 1989a; 
Hrubec et al., 1992; Colt et al., 2004; Gaertner 
et al., 2004; Guo et al., 2004; Dryson et al., 2008; 
Samanic et al., 2008; Petersen et al., 2010) were 
inconsistent.

2.2.5 Truck drivers

See Fig. 2.4
The studies that evaluated the association 

between occupation as a truck driver and the 
risk of bladder cancer are presented in Fig. 2.4. 
Both the studies that did not adjust for smoking 
(Decouflé et al., 1977; Vineis & Magnani, 1985; 

Wynder et al., 1985; Steenland et al., 1987; 
Rafnsson & Gunnarsdóttir, 1991; Dolin & Cook-
Mozaffari, 1992) and those that adjusted for 
smoking (Schoenberg et al., 1984; Hoar & Hoover, 
1985; Coggon et al., 1986; Brownson et al., 1987; 
Jensen et al., 1987; Schifflers et al., 1987; Claude 
et al., 1988; Bonassi et al., 1989; Silverman et al., 
1989a; Iyer et al., 1990; Hrubec et al., 1992; Kunze 
et al., 1992; Siemiatycki et al., 1994; Porru et al., 
1996; Colt et al., 2004, 2011; Gaertner et al., 2004; 
Guo et al., 2004; Band et al., 2005; Dryson et al., 
2008; Samanic et al., 2008; Cassidy et al., 2009) 
generally demonstrated an increased risk of 
bladder cancer.

2.2.6 Other jobs with high exposure to 
outdoor air pollution

See Fig. 2.5
There were several studies that evaluated 

the association between other jobs with a priori 
higher exposure to outdoor air pollution than 
the general population and the risk of bladder 
cancer (see Fig.  2.5). Many other jobs were 
included in this category, including mail carrier, 
driver, urban police officer, and service station 
attendant. Both the studies that did not adjust for 
smoking (Balarajan & McDowall, 1988; Gubéran 
et al., 1992; Forastiere et al., 1994; Lagorio et al., 
1994; Soll-Johanning & Bach, 2004; Pukkala 
et al., 2009) and those that adjusted for smoking 
(Jensen et al., 1987; Risch et al., 1988; Burns & 
Swanson, 1991; Cordier et al., 1993; Porru et al., 
1996; Pesch et al., 2000; Kogevinas et al., 2003; 
Colt et al., 2004; Gaertner et al., 2004; Kellen 
et al., 2007; Reulen et al., 2007; Wilson et al., 
2008) generally demonstrated an increased risk 
of bladder cancer.



Outdoor air pollution

191

Fi
g.

 2
.2

 R
is

k 
of

 b
la

dd
er

 c
an

ce
r i

n 
ta

xi
 d

ri
ve

rs
, s

tr
at

ifi
ed

 b
y 

ad
ju

st
m

en
t f

or
 s

m
ok

in
g

C
om

pi
le

d 
by

 th
e 

W
or

ki
ng

 G
ro

up
.



IARC MONOGRAPHS – 109

192

Fi
g.

 2
.3

 R
is

k 
of

 b
la

dd
er

 c
an

ce
r i

n 
bu

s 
dr

iv
er

s,
 s

tr
at

ifi
ed

 b
y 

ad
ju

st
m

en
t f

or
 s

m
ok

in
g

C
om

pi
le

d 
by

 th
e 

W
or

ki
ng

 G
ro

up
.



Outdoor air pollution

193

Fi
g.

 2
.4

 R
is

k 
of

 b
la

dd
er

 c
an

ce
r i

n 
tr

uc
k 

dr
iv

er
s,

 s
tr

at
ifi

ed
 b

y 
ad

ju
st

m
en

t f
or

 s
m

ok
in

g

C
om

pi
le

d 
by

 th
e 

W
or

ki
ng

 G
ro

up
.



IARC MONOGRAPHS – 109

194

Fi
g.

 2
.5

 R
is

k 
of

 b
la

dd
er

 c
an

ce
r i

n 
ot

he
r j

ob
s 

w
it

h 
hi

gh
er

 e
xp

os
ur

e 
to

 o
ut

do
or

 a
ir

 p
ol

lu
ti

on
, s

tr
at

ifi
ed

 b
y 

ad
ju

st
m

en
t f

or
 

sm
ok

in
g

C
om

pi
le

d 
by

 th
e 

W
or

ki
ng

 G
ro

up
.



Outdoor air pollution

195

2.3 Cancer of the breast

2.3.1 Outdoor air pollution, including traffic 
emissions

(a) Cohort studies

See Table 2.6.
One of the outcomes evaluated in the 

AHSMOG study (a prospective cohort study of 
6340 adults) by Mills et al. (1991) was incidence 
of breast cancer among women. The cohort was 
followed up between April 1977 and December 
1982, with a follow-up rate of 99%. (For more 
study details, see Section  2.1.1c.) During the 
follow-up, there were 65 new cases of breast 
cancer. Education level and total years of past 
smoking were adjusted for in the model. For 
1000  hours per year in excess of 200  μg/m3 of 
TSP, the risk of breast cancer was elevated, and 
the relative risk was 1.51 (95% CI, 0.92–2.47). The 
relative risk with mean concentration of TSP was 
elevated but was not significant (data not shown 
in the paper). [A strength of the study is the high 
follow-up rate, but the study is limited by a lack 
of control for known breast cancer risk factors.]

Visser et al. (2004) used a population-based 
regional cancer registry in Amsterdam 
(n  =  718  000 in January 1998) and examined 
the association between cancer incidence in 
1989–1997 and residential traffic intensity. 
Data on daily traffic intensity in Amsterdam 
in 1986, 1991, and 1993 were obtained, and a 
daily traffic intensity score (TIS) was calculated 
for each of the three available years (passenger 
cars counted as 1, and trucks, with their larger 
emissions, were assigned 10). Roads with a TIS 
of 10 000 or higher for at least one of the three 
available years were considered as main roads, 
and those with a TIS of less than 10 000 in all 
three available years or with residential traffic 
only were considered as other roads. About 15% 
of the total number of addresses in Amsterdam 
(373 157 addresses) were classified as main road 
addresses (55  719 addresses). Subsequently, 

cancer registry data were linked to the data on 
traffic intensity for individual addresses. Annual 
population data according to sex and 5-year age 
group were obtained for each year of the study 
period. Data on smoking and socioeconomic 
status were obtained in a separate survey of a 
sample of 2693 people consisting of residents 
living along main roads and those living along 
other roads. The survey showed that smoking 
history did not differ across resident groups but 
that socioeconomic status was higher among 
the residents living along the main roads than 
among the residents living along other roads. 
Using the age- and sex-specific cancer incidence 
rate in the population living along other roads as 
the reference, standardized incidence ratios for 
the population living along the main roads were 
calculated. During 1989–1997, 459 new cases of 
breast cancer were identified. The standardized 
incidence ratio for breast cancer was not elevated 
(SIR, 1.00; 95% CI, 0.91–1.09). [The lack of infor-
mation on potential confounders poses a limita-
tion to the validity of the findings.]

Raaschou-Nielsen et al. (2011b) examined the 
associations between air pollution from traffic 
and cancers other than lung cancer. During 1993–
1997, 57 053 participants aged 50–64 years living 
in the Copenhagen and Aarhus areas in Denmark 
were recruited to the Danish Diet, Cancer, and 
Health cohort. After a baseline examination was 
conducted, each cohort member was followed 
up until June 2006 to investigate occurrence of 
20 selected cancers. The participants’ residential 
addresses were traced from 1971 onwards, and 
outdoor concentrations of NOx were calculated 
for each year at the residential address of each 
participant with the Danish AirGIS modelling 
system. The mean and median of NOx concentra-
tions were 28.4 μg/m3 and 21.9 μg/m3 (5th–95th 
percentile, 14.8–69.4), respectively. Then, the 
time-weighted average NOx concentrations at all 
addresses were calculated and used as a time-de-
pendent variable. In addition, two indicators of 
the amount of traffic near the residence (at the 
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time of enrolment) were obtained: the presence of 
a street with a traffic density of more than 10 000 
vehicles per day within 50 m of the residence, and 
the total number of kilometres driven by vehi-
cles within 200 m of the residence per day. Cox 
proportional hazards models were used to esti-
mate incidence rate ratios per 100 μg/m3 increase 
in NOx. A total of 54 304 cohort members were 
included in the analysis. During the follow-up, 
there were 987 new breast cancer cases. The crude 
incidence rate ratio per 100 μg/m3 increase in NOx 
was 1.39 (95% CI, 1.09–1.77) but was attenuated 
(IRR, 1.16; 95% CI, 0.89–1.51) after adjustment 
for BMI, education level, alcohol consumption, 
number of births, age at first birth, lactation, 
hormone replacement therapy use, benign breast 
disease, physical activity, and occupation. The 
two traffic indicators were not associated with 
the outcome. [Strengths of this study include a 
10-year prospective follow-up of a relatively large 
cohort with complete follow-up for vital status. 
This study also has the strength of modelling 
exposure since 1971. This study shows the neces-
sity of adjustment for known breast cancer risk 
factors in evaluating the association between air 
pollution and breast cancer risk.]

(b) Case–control studies

See Table 2.7.
Lewis-Michl et al. (1996) conducted a popu-

lation-based case–control study in Nassau and 
Suffolk counties in New York State, USA. A 
total of 1420 cases of breast cancer in women 
aged 20–79  years diagnosed in 1984−1986 at 
any hospital and 1420 age- and county-matched 
controls identified through driver’s license 
records were included. The response rates were 
88% for cases (1436 of 1616 contacted) and 67% 
for controls (1420 of 2097 contacted). After 
restricting to participants with continuous resi-
dence for 20 years, address information, and driv-
er’s license, there were 793 cases and 966 controls. 
Geographically based exposure indices of indus-
trial concentration (chemical and other facilities) 

in 1965 and 1975 and traffic density in 1990–1992 
were obtained and assigned to the participants 
based on 1 km2 grid cells of residence. Although 
the industrial data were obtained on 1 km2 grid 
cells, the traffic data (i.e. vehicle count data) were 
originally aggregated for 25  km2 grid cells and 
resampled to produce 1 km2 grid cells. Multiple 
logistic regression was used to control for family 
history of breast cancer, history of benign breast 
disease, age at first live birth, years of educa-
tion, and attained age. Residence in a grid cell 
with a chemical facility (i.e. one or more facil-
ities, for 1 year or longer) increased the risk of 
breast cancer among postmenopausal women in 
both counties: the odds ratios were 1.61 (95% CI, 
1.06–2.43) in Nassau County and 1.58 (95% CI, 
0.71–3.51) in Suffolk County. However, proximity 
to other facilities or to traffic (100 000 vehicles 
per mile of highway) did not increase the risk. 
No meaningful associations were found among 
premenopausal women either. [A strength of the 
study is the adjustment for several known breast 
cancer risk factors. However, the traffic data were 
originally aggregated for 25  km2 grid cells and 
resampled to produce 1 km2 grid cells; thus, the 
geographical units of that size are probably too 
large to reflect meaningful differences of traffic 
exposure, which may induce exposure misclassi-
fication. Selection bias is another concern, due to 
a relatively low response rate of controls.]

Bonner et al. (2005) conducted a popula-
tion-based case–control study among women 
living in Erie and Niagara counties in western 
New York State, USA, during 1996–2001 
(Western New York Exposures and Breast Cancer 
[WEB] study). Cases included 1166 women 
aged 35–79 years with histologically confirmed 
primary incident breast cancer. Controls 
(n = 2105) were frequency-matched to cases by 
age, race, and county of residence. The response 
rates were 71% for cases (1166 of 1638) and 62% 
for controls (2105 of 3396). TSP, a measure of 
outdoor air pollution, was used as a proxy for 
exposure to polycyclic aromatic hydrocarbons 
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(PAHs). Prediction maps of TSP (in the 1960s 
and 1970–1997) were generated using inverse-
distance-squared-weighted interpolation, and 
historical exposure (at birth, at menarche, at first 
birth, and lifetime cumulative exposure) was 
assigned to the participants. The interpolated 
concentrations in the 1960s were also used for TSP 
concentrations before 1960. Age, race, education 
level, age at first birth, age at menarche, parity, 
previous benign breast disease, family history of 
breast cancer, BMI, and age at menopause were 
first considered as potential confounders, but the 
final models presented include only age, educa-
tion level, and parity because other variables did 
not alter the effect estimates by more than 10%. 
In postmenopausal women, exposure to high 
concentrations of TSP (>  140  μg/m3) at birth 
was associated with an increased risk (OR, 2.42; 
95% CI, 0.97–6.09) compared with exposure to 
low concentrations (<  84  μg/m3). On a contin-
uous scale, the odds ratio with each increase of 
30 μg/m3 in TSP concentration at birth was 1.20 
(95% CI, 1.04–1.38) for postmenopausal women. 
The odds ratios for other exposure periods were 
elevated but lower than those at birth. The results 
for premenopausal women were equivocal. [A 
strength of the study is that the study predicted 
historical exposure (at birth, at menarche, at first 
birth, and lifetime cumulative exposure) at each 
participant’s address using geographic informa-
tion system (GIS) data. The low response rate of 
controls and the assumption that TSP concen-
trations before 1960 were equal to those in the 
1960s hamper interpretation. Another concern 
is potential residual confounding, although it is 
stated that adjustment for other variables did not 
alter effect estimates by more than 10%.] 

Crouse et al. (2010) used data from a hospi-
tal-based case–control study conducted in 
Montreal, Canada, in 1996–1997. The cases 
were 383 women aged 50–75  years with inci-
dent invasive breast cancer, and the controls 
were 416 women with other incident, malignant 
cancers, excluding those potentially associated 

with selected occupational exposures. The 
response rates were 81.1% for cases and 75.7% for 
controls. The controls were matched by hospital 
and approximately frequency-matched by age. 
Concentrations of NO2 were used as a marker 
for traffic-related pollution. A land-use regres-
sion model was developed to predict concentra-
tions of NO2 across Montreal for 2006 (Crouse 
et al., 2009). The estimates in 1985 and 1996 were 
back-extrapolated in two methods by combining 
the observed concentrations and the predicted 
estimates of NO2 for 2006: the first method 
was extrapolation using observed concentra-
tions at each fixed-site monitoring station, and 
the second method was extrapolation using 
predicted concentrations from the land-use 
regression model at each fixed-site monitoring 
station. These estimates were linked to addresses 
of residences of subjects at the time of the 
interview. Several known and suspected breast 
cancer risk factors (e.g. age at menarche, age at 
first full-term pregnancy, breastfeeding history, 
oral contraceptive use, hormone replacement 
therapy use, and BMI), occupational exposures, 
and neighbourhood ecological covariates were 
adjusted for in the model. The odds ratios with 
each increase of 5 ppb in NO2 in 2006 were 1.15 
(95% CI, 0.89–1.48) in the age-adjusted model 
and 1.35 (95% CI, 0.94–1.94) in the fully adjusted 
model. For two NO2 estimates (obtained from 
extrapolation using observed concentrations or 
predicted concentrations) in 1996, the corre-
sponding fully adjusted odds ratios were 1.36 
(95% CI, 0.99–1.88) and 1.31 (95% CI, 1.00–1.71), 
respectively. [The historical exposure prediction 
at an individual level is an advantage of this study 
but also introduces uncertainty. An adjustment 
for an extensive list of potential confounders, 
including known breast cancer risk factors, is a 
strength.]
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2.3.2 Emissions from waste incinerators, 
industrial facilities, or other sources

(a) Ecological studies

Cambra et al. (2011) examined the associa-
tion between proximity to air polluting indus-
tries and mortality in small geographical areas 
in the Basque Country, Spain, from 1996 to 
2003. Breast cancer mortality was higher within 
2 km of mineral industries. Amaral et al. (2006) 
compared age-standardized rates of cancer 
incidence between an area affected by volcanic 
activity and an area without volcanic activity, 
both in the Azores, Portugal. They showed higher 
breast cancer incidence in the area with volcanic 
activity. [Because these studies cannot account 
for individual potential confounding and are 
limited by multiple testing, the findings should 
be considered preliminary.]

(b) Cohort studies

Ranzi et al. (2011) evaluated the health effects 
of emissions from two incineration plants located 
near Forlì, Italy, in a pilot cohort study. The study 
area was defined as the area of radius 3.5  km 
around the two incinerators. Subjects who lived 
in the study area in January 1990 or who subse-
quently became residents until December 2003 
were enrolled in the study (n = 31 347), and their 
cancer mortality and morbidity were followed 
up from 1990 to 2003. Atmospheric Dispersion 
Model System software was used to simulate the 
impact of the different emission sources; modelled 
concentrations of heavy metals (annual average) 
were considered as the indicators of pollution 
from incinerators. In addition, NO2 concentra-
tion was modelled as an indicator of air pollu-
tion from other sources. [Waste incinerators also 
generate NO2.] Each subject in the cohort was 
assigned a value of estimated concentrations of 
heavy metals and NO2 based on the residential 
address. Rate ratios were estimated with Poisson 
regression, using the lowest quartile exposure 
category to heavy metals as a reference, and 

adjusted for age and area-based socioeconomic 
status. During the follow-up, there were 326 
incident cases and 74 deaths from breast cancer. 
The rate ratios for breast cancer mortality were 
elevated in the highest exposure category (RR, 
2.00; 95% CI, 1.00–3.99). The result did not change 
substantially even after adjustment for NO2. The 
rate ratios for breast cancer incidence were not 
elevated. [Strengths of the study are exposure 
modelling of emissions from the incinerators 
and the relatively large sample size. However, 
multiple comparisons and residual confounding 
are potential weaknesses of this study. A positive 
association with breast cancer mortality but not 
with incidence in the highest exposure category 
(RR, 0.76; 95% CI, 0.51–1.13) hampers interpre-
tation of the study findings.]

2.4 Haematological malignancies: 
leukaemia and lymphoma

2.4.1 Outdoor air pollution, including traffic 
emissions

(a) Cohort studies

See Table 2.8
Mixed results were reported in several 

studies that assessed associations of exposure to 
air pollution or occupations involving exposure 
to outdoor air pollution with all haematopoi-
etic cancers combined (Forastiere et al., 1994; 
Pukkala & Pönkä, 2001; Visser et al., 2004; 
Ranzi et al., 2011). One study in Italy reported 
an increased risk of Hodgkin lymphoma in bus 
drivers, white-collar workers, and maintenance 
workers (Merlo et al., 2010). Mixed results were 
reported in several studies for non-Hodgkin 
lymphoma (Forastiere et al., 1994; Lagorio et al., 
1994; Soll-Johanning & Bach, 2004; Merlo et al., 
2010; Raaschou-Nielsen et al., 2011b; Ranzi et al., 
2011).

The incidence of leukaemia and lymphoma 
was one of the outcomes evaluated in the 
AHSMOG study (Mills et al., 1991) (see 
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Section 2.1.1c for a more detailed study descrip-
tion). During the follow-up, there were 12 inci-
dent cases of leukaemia (6 women, 6 men) and 15 
incident cases of lymphoma (6 women, 9 men). 
Education level, total years of past smoking, and 
past or present employment in occupations that 
involved exposure to airborne contaminants 
(only for men) were adjusted for in the model. For 
1000 hours per year in excess of 200 μg/m3 of TSP, 
the risk of leukaemia and lymphoma combined 
was not elevated among women (HR, 1.05; 95% 
CI, 0.33–3.37). The hazard ratio for men was not 
elevated either (data not shown). [The strength of 
the study is the high follow-up rate. Assessing the 
risk of leukaemia and lymphoma as a combined 
measure may not be appropriate because they 
have different and poorly understood etiologies.]

One of the outcomes evaluated by Visser 
et al. (2004) was haematological malignancies 
(see Section  2.3.1a for a more detailed study 
description). During 1989–1997, 122 and 148 new 
haematological malignancies were identified for 
adult men and women, respectively. Using the 
age group- and sex-specific cancer incidence 
rates in the population living along other roads 
as the reference, standardized incidence ratios 
for the population living along the main roads 
were calculated. The standardized incidence 
ratio for haematological malignancies was 0.98 
(95% CI, 0.81–1.17) for adult men and 1.23 (95% 
CI, 1.04–1.44) for adult women. The standard-
ized incidence ratios for specific types of haema-
tological malignancies among adult women 
were 1.23 (95% CI, 0.97–1.54) for non-Hodgkin 
lymphoma, 1.33 (95% CI, 0.90–1.90) for multiple 
myeloma, and 1.60 (95% CI, 1.01–2.40) for 
myeloid leukaemia. However, the standardized 
incidence ratio for haematological malignan-
cies among adult women was higher in residents 
living along less-busy main roads (10 000 ≤ TIS 
< 20 000) (SIR, 1.41; 95% CI, 1.13–1.73) than for 
residents living along the busiest main roads 
(TIS ≥ 20 000) (SIR, 1.03; 95% CI, 0.78–1.32). [An 
increased risk was noted only in the intermediate 

category of exposure, and this could suggest a 
chance finding.]

Two of the outcomes evaluated by Raaschou-
Nielsen et al. (2011b) were non-Hodgkin 
lymphoma and leukaemia (see Section  2.3.1a 
for a more detailed study description). During 
the follow-up, there were 197 incident cases 
of non-Hodgkin lymphoma and 117 incident 
cases of leukaemia. The incidence rate ratios 
per 100  μg/m3 increase in NOx were 1.11 (95% 
CI, 0.61–2.03) for non-Hodgkin lymphoma after 
adjustment for education level and occupation, 
and 0.47 (95% CI, 0.16–1.39) for leukaemia after 
adjustment for smoking status and occupation. 
The two traffic indicators were not associated 
with either outcome. [Strengths of this study 
include a 10-year prospective follow-up of a rela-
tively large cohort with complete follow-up for 
vital status, modelling exposure since 1971, and 
adjustment for potential confounders.]

2.4.2 Emissions from waste incinerators

 Cohort studies

See Table 2.8
Ranzi et al. (2011) evaluated the effects of 

emissions from two incineration plants located 
near Forlì, Italy, on multiple outcomes, including 
non-Hodgkin lymphoma and leukaemia, in a 
pilot cohort study (see Section 2.3.2b for a more 
detailed study description). Rate ratios were esti-
mated with Poisson regression, using the lowest 
quartile exposure category to heavy metals as a 
reference, and adjusted for age and area-based 
socioeconomic status. During the follow-up, 
there were 43 deaths and 93 incident cases of 
non-Hodgkin lymphoma and 46 deaths and 48 
incident cases of leukaemia. The rate ratios for 
non-Hodgkin lymphoma mortality were elevated 
among women with the highest exposure cate-
gory (RR, 2.03; 95% CI, 0.48–8.67) but were not 
elevated among men for incident non-Hodgkin 
lymphoma or leukaemia. The results did not 
change substantially even after adjustment for 
NO2 (data not shown), and rate ratios for NO2 
were not shown either. [Strengths of the study 
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are exposure modelling of emissions from the 
incinerators and the relatively large sample size.]

2.4.3 Emissions from petrochemical plants or 
other industries

(a) Ecological studies

Sans et al. (1995) included a general popu-
lation sample of 115  721 people living within 
7.5  km of the petrochemical plant in southern 
Wales. Leukaemia or lymphoma incidence and 
mortality were examined within distances of 
7.5 km and 3 km from the plant, standardized for 
age, sex, and index of deprivation, and adjusted for 
region. There was no increased risk of leukaemia 
or lymphoma. Wilkinson et al. (1999) examined 
the incidence of lymphohaematopoietic malig-
nancy from 1974 to 1991 within 7.5 km of all 11 
oil refineries in Great Britain. After standardiza-
tion for age, sex, and index of deprivation, there 
was no increased risk of the diseases. [These 
studies suffer from multiple testing and impre-
cise exposure assessment.]

(b) Case–control studies

See Table 2.9.
Linos et al. (1991) conducted a popula-

tion-based case–control study to evaluate the 
association of residential proximity to indus-
trial plants and incident cases of leukaemia and 
non-Hodgkin lymphoma among men living in 
Iowa and Minnesota in the USA. Cases included 
622 people with non-Hodgkin lymphoma and 
578 people with leukaemia diagnosed from 1980 
to 1983. Controls were 1245 people frequen-
cy-matched to cases by year of birth, vital status, 
and state of residence (and year of death if the 
case was deceased). The response rates were 87% 
for non-Hodgkin lymphoma, 86% for leukaemia, 
and 81% for controls. Interviews were conducted 
of the subjects or their next of kin, and residential 
history with proximity to the factory and type of 
the factory was queried. Polychotomous logistic 
regression was conducted to estimate odds ratios 

adjusting for age, state of residence, vital status, 
and several risk factors for the cancers. Living 
within 0.8 km of any type of factory, compared 
with living in an unexposed area (>  3.2  km 
from the factory, or with no factory), was asso-
ciated with odds ratios of 1.5 (95% CI, 1.1–1.9) 
for non-Hodgkin lymphoma and 1.1 (95% CI, 
0.9–1.5) for leukaemia. In an analysis stratified by 
type of factory, the elevated risks of non-Hodgkin 
lymphoma were associated with living near stone, 
clay, or glass industry facilities; the odds ratio for 
living within 3.2 km of a factory was 1.6 (95% CI, 
1.0–2.7; 31 exposed cases). In addition, the risk of 
leukaemia was greater among people who lived 
within 3.2  km of either a chemical plant (OR, 
1.7; 95% CI, 1.0–3.0) or a petroleum plant (OR, 
2.0; 95% CI, 1.0–4.2). [The interpretation of this 
study is difficult because of imprecise exposure 
assessment, which asked the subjects to recall 
their residential proximity to the factory and its 
type (i.e. potential for recall bias). Matching on 
year of death, as well as year of birth, may have 
overmatched in this study.]

Shore et al. (1993) used an existing popula-
tion-based case–control study to evaluate the 
association between residential proximity to 
industrial plants and the risk of acute leukaemia. 
Cases were 712 patients aged 18–79  years who 
were residents of either the USA or Canada 
and were diagnosed during a 3.5-year period 
starting in 1986. Controls were 637 people who 
were selected by random telephone sampling and 
frequency-matched by age categories (10 years), 
race, sex, and region of residence. Cases (or their 
next of kin) were interviewed within 2  days of 
diagnosis, and controls were interviewed between 
June 1989 and January 1990. The response rates 
were 86% for cases and 80% for controls. In the 
interview, the subjects were asked whether they 
had lived near a factory before 2  years before 
the interview and the name and location of the 
factory. Logistic regression was used to estimate 
odds ratios adjusting for age, race, sex, region, 
level of schooling, smoking, and use of hair dye. 
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Living within 8  km of any type of factory was 
associated with increased risk (OR, 1.4; 95% CI, 
1.0–1.9) compared with living more than 8 km 
from the factory. In addition, the odds ratio for 
living within 1.6 km of the factory was 1.7 (95% 
CI, 1.2–2.6) and for living within 3.2–8  km of 
the factory was 1.0 (95% CI, 0.7–1.6). Confounder 
adjustment was not conducted due to the small 
number of cases. [This study is limited due to 
exposure assessment that depends on subjects’ 
recall of their residential proximity to the factory 
and its type (i.e. potential for recall bias).]

Johnson et al. (2003) conducted a popula-
tion-based case–control study to investigate the 
association between residential proximity to 
seven major types of industry (copper smelter, 
lead smelter, nickel smelter, steel production 
plant, petroleum refinery, kraft pulp plant, and 
sulfite pulp plant) and the risk of non-Hodgkin 
lymphoma. Cases were 1499 people diagnosed 
between April 1994 and December 1996 in 8 of the 
10 Canadian provinces, and 5039 controls were 
randomly selected. The response rates were 62% 
for cases and 63% for controls. Questionnaires 
were used to collect detailed information as well 
as a lifetime Canadian residential history (exact 
address). Then, residential proximity to the seven 
major types of industry was calculated from 
1960 to 5  years before the questionnaire was 
completed. Unconditional logistic regression 
was conducted to estimate odds ratios adjusting 
for age, sex, province, income adequacy level, 
education level, pack-years of smoking, alcohol 
consumption, urban/rural residential history, 
chemical exposure, and occupational exposure. 
Compared with living more than 3.2  km from 
the plants, the odds ratios were 1.11 (95% CI, 
0.97–1.26) for having lived within 3.2 km of the 
plants, 1.08 (95% CI, 0.95–1.24) for having lived 
0.8–3.2  km from the plants, and 1.16 (95% CI, 
0.87–1.54) for having lived within 0.8 km of the 
plants. Increased risk of follicular non-Hodgkin 
lymphoma was observed among women who had 
lived within 3.2 km of a plant (OR, 1.48; 95% CI, 

1.10–1.99). Proximity to copper smelters (within 
3.2 km) (OR, 5.13; 95% CI, 1.49–17.71) and sulfite 
pulp mills (within 0.8  km) (OR, 3.71; 95% CI, 
1.46–9.42) was associated with increased risk. 
[Strengths of this study are the large sample size 
and the control for several potential confounders. 
Multiple testing and small numbers of cases in 
analyses for types of industries hamper interpre-
tation of the results.]

Belli et al. (2004) investigated cancer 
mortality and residential proximity to the 
petrochemical plant located in Brindisi, Italy. 
Cases included all residents in Brindisi and in 
three neighbouring municipalities who had 
died in the study area from 1996 to 1997 from 
lung cancer, pleural neoplasm, bladder cancer, 
and lymphohaematopoietic malignancies (i.e. 
leukaemia, non-Hodgkin lymphoma, multiple 
myeloma, and Hodgkin lymphoma) (n  =  144, 
including 31 lymphohaematopoietic malignant 
cases). Controls were randomly selected from the 
residents in the study area who had died during 
the same period from any cause except those 
listed for the cases (n = 170). Distance between 
the central point of the plant and the residence 
of each subject was calculated. Logistic regres-
sion was used to estimate odds ratios adjusting 
for age, sex, smoking, and education level. The 
risk of lymphohaematopoietic malignancies 
was elevated for residents living within 2 km of 
the plant (OR, 2.7; 95% CI, 0.45–17). [The small 
number of cases poses threats to the validity of 
findings. Combining leukaemia and lymphoma 
cases may not be appropriate because they have 
different and poorly understood etiologies.]

Yu et al. (2006) conducted a population-based 
case–control study to examine the associations 
between residential exposure to petrochemical 
complexes and the risk of leukaemia among 
subjects aged 29 years and younger in Kaohsiung, 
Taiwan, China. There were four petrochemical 
complexes in the study area. Cases included 171 
incident primary leukaemia cases during the 
period from November 1997 to January 2003 
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who were residents of the study area at diag-
nosis (response rate, 91%). Controls were 410 
subjects randomly selected from the study area, 
matched by age (±  1  year) and sex (response 
rate, 53%). Based on information on residen-
tial history obtained by interview, a cumulative 
exposure score to petrochemicals was calculated 
for each individual, considering proximity to 
the petrochemical plants, monthly prevailing 
wind, subjects’ mobility, and length of stay at 
each residence. Conditional logistic regression 
models were used to estimate odds ratios further 
adjusting for educational status and smoking 
status. For subjects aged 20–29  years, there 
were 40 cases and 96 controls, and the risk of 
leukaemia was elevated among the subjects who 
had ever lived in an exposed area (i.e. within 
an area of radius 3  km around the complexes) 
(OR, 4.56; 95% CI, 1.66–12.54) compared with 
those who had never lived in an exposed area. 
For the subjects aged 20–29 years, the odds ratio 
per 1-unit increase in log-transformed exposure 
score was 1.54 (95% CI, 1.14–2.09). [The study has 
the strength of exposure modelling but is limited 
due to the low response rate among controls. 
There is potential for selection bias in this study 
as controls appeared to vary in several charac-
teristics of socioeconomic status: more controls 
completed college or above (56%) compared with 
cases (30%) among the subjects aged 20–29 years.]

De Roos et al. (2010) used an existing popu-
lation-based case–control study to examine the 
association between proximity to industrial 
facilities (15 types of industry) and the risk of 
non-Hodgkin lymphoma in four United States 
SEER registry areas. Cases included 1321 patients 
with non-Hodgkin lymphoma, and controls 
were 1057 people identified by random-digit 
dialling. The overall response rate was 59% for 
cases and 44% for controls. Residential history 
was queried by interviewer-administered ques-
tionnaire, and residential proximity to industrial 
facilities during a 10-year period before diag-
nosis or reference year was calculated. Analyses 

were limited to participants with more than 70% 
of their person-years during the 10-year expo-
sure period with reliable residential informa-
tion, which yielded 864 cases and 684 controls. 
Unconditional logistic regression was used to 
estimate odds ratios adjusting for age, sex, race, 
education level, and study site. Having lived 
within 3.2 km of any type of industrial facility 
was not associated with the risk of non-Hodgkin 
lymphoma (OR, 1.0; 95% CI, 0.8–1.2). There was 
no dose–response relationship in terms of the 
proximity or the number of years of residence. 
Increased risk of non-Hodgkin lymphoma was 
observed for living within 3.2  km of several 
industries, including lumber and wood products 
(OR, 1.4; 95% CI, 0.9–2.1), chemical (OR, 1.2; 
95% CI, 0.9–1.6), petroleum (OR, 1.1; 95% CI, 
0.8–1.5), and primary metal (OR, 1.3; 95% CI, 
1.0–1.6) industries. However, the findings were 
inconsistent in terms of distance or duration 
of residence. [Although the study had a large 
sample size, it had inconsistent results and a low 
response rate.]

2.5 Childhood cancer
Initial interest in the hypothesis that air 

pollution causes childhood cancer was prompted 
by two independent case–control studies of wire 
configuration and electromagnetic fields near 
the homes of children with cancer, which consid-
ered proximity to high-density road traffic as a 
potential confounder. Both studies found posi-
tive associations with metrics of heavy traffic 
near the residence (Wertheimer & Leeper, 1979; 
Savitz et al. 1988, Savitz & Feingold 1989).

Subsequent studies of air pollution and child-
hood cancer have consisted primarily of ecolog-
ical/geographical studies and case–control 
studies. Ecological/geographical studies have 
compared the density of childhood cancer cases, 
for example incidence and mortality rates, in 
areas with higher and low air pollution levels, 
estimated for example by proximity to industry 
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or density of streets and cars, providing mixed 
results (Knox, 1994; Lyons et al., 1995; Sans et al., 
1995; Alexander et al., 1996; Knox & Gilman, 
1997; Nordlinder & Järvholm, 1997; Gilman & 
Knox, 1998; Harrison et al., 1999; Reynolds et al., 
2002, 2003; Visser et al., 2004; Knox, 2005a, b, 
2006; Thompson et al., 2008; Whitworth et al., 
2008). Ecological studies are not reviewed here 
because of the limitations for causal inference. 
Case–control studies have explored differences 
in various metrics of exposure to outdoor air 
pollution at addresses of childhood cancer cases 
and control children, for example traffic density, 
modelled concentrations, neighbouring automo-
tive repair garages, petrol stations, and refuelling 
of a car.

Several studies that addressed parental 
occupational exposure to motor-vehicle-related 
exhausts and the risk of cancer in the offspring 
showed associations with childhood leukaemia 
(Colt & Blair, 1998; IARC, 2013). However, these 
studies were not reviewed in detail because the 
Working Group believed that the exposures 
assessed could be relevant to engine exhausts but 
were not informative for outdoor air pollution. 
Furthermore, the results were not consistent 
and several common methodological limitations 
were identified related to the quality of the expo-
sure assessment (usually just a job title), the small 
number of exposed cases, multiple comparisons, 
and possible bias towards reporting of positive 
results.

2.5.1 Case–control studies

See Table  2.10 for results for all cancers 
combined, Table  2.11 for leukaemia, Table  2.12 
for acute leukaemia, Table  2.13 for lymphoma, 
Table  2.14 for central nervous system (CNS) 
tumours, and Table 2.15 for other cancers. (Note 
that some studies reported data for several cancer 
sites.)

(a) All cancers combined

See Table 2.10.

Wertheimer & Leeper (1979) considered 
traffic at the residence as a potential confounder 
in their study of wire configuration and the risk 
of childhood cancer mortality in the Denver, 
Colorado, area, USA. No risk estimates for 
traffic were provided, but based on the given 
numbers an odds ratio of 1.6 (95% CI, 1.1–2.3) 
for all cancers combined in association with 
5000 vehicles per day or more at a street within 
40 m of the home could be calculated (Feychting 
et al., 1998). [This study was limited by its use 
of mortality as a surrogate for the incidence of 
childhood cancer because a large proportion of 
children with cancer (e.g. acute lymphoblastic 
leukaemia) survive their disease. Other limi-
tations were that only a crude exposure esti-
mate and only odds ratios for all cancer types 
combined were presented. The odds ratio was 
based not on counts of cases and controls but on 
counts of case and control addresses, where each 
child could contribute with both an address at 
birth and an address at diagnosis.]

Savitz et al. (1988) and Savitz & Feingold 
(1989) identified 328 cases of all types of child-
hood cancer from the Colorado Central Cancer 
Registry and area hospitals and used random-
digit dialling to select 262 controls from the popu-
lation (response rate, 75%), who were matched 
to cases by age, sex, and area. The amount of 
traffic at the address at the time of diagnosis 
was provided by Highway Planning authorities. 
The study reported an odds ratio of 3.1 (95% 
CI, 1.2–8.0) for all incident cancers combined. 
Further adjustment for several covariates in a 
subset of study participants had little effect on 
the risk estimates. [The Working Group noted 
several limitations to this study, including that 
the random-digit dialling method for selection 
of controls could potentially result in selection 
bias, that the exposure assessment was crude, 
and that there were small numbers of exposed 
cases for specific types of cancer.]
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(b) Childhood leukaemia and lymphoma

See Table 2.11, Table 2.12, and Table 2.13.
Savitz et al. (1988) and Savitz & Feingold 

(1989) (see description in Section  2.5.1a) 
reported odds ratios of 3.1 (95% CI, 1.2–8.0) for 
all cancers combined and 4.7 (95% CI, 1.6–13.5) 
for leukaemia in association with 10 000 vehicles 
or more per day, compared with fewer than 500 
vehicles per day, and 0.7 (95% CI, 0.2–3.0) for 
lymphoma.

A total of 142 cases of all types of childhood 
cancer were identified in the Swedish Cancer 
Registry among 127 000 children living within 
300 m of transmission lines in Sweden (Feychting 
et al., 1998). Among the children living within 
the power line corridor, identified by the Swedish 
Population Registry, 550 controls were randomly 
selected and matched to cases by calendar time, 
geographical area, and residence near the same 
power line. The study used information on traffic 
density, street type, traffic speed, street width, 
and distance between the house and the street to 
model NO2 at the latest home addresses within 
the power line corridor. The study noted elevated 
risk of incident childhood cancers among chil-
dren living at addresses with high concentrations 
of NO2. When NO2 concentrations of 50 µg/m3 
or more were compared with concentrations of 
less than 40 µg/m3, the odds ratios were 2.7 (95% 
CI, 0.9–8.5) for all cancers combined, 2.7 (95% 
CI, 0.3–20.6) for leukaemia, and 5.1 (95% CI, 
0.4–61.2) for CNS tumours; NO2 concentrations 
of 80 µg/m3 or more were associated with an odds 
ratio for all cancers of 3.8 (95% CI, 1.2–12.1). There 
was indication of a linear exposure–response 
relationship. Further adjustment for electromag-
netic fields and socioeconomic position had little 
impact on the results. [A strength of this study 
was the use of an air pollution model. Limitations 
included imprecise risk estimates due to the rela-
tively few cases and no validation of the exposure 
model (i.e. no comparison between modelled and 
measured concentration).]

In a population-based study, Raaschou-
Nielsen et al. (2001) identified 1989 cases of 
leukaemia, lymphoma, and CNS tumours in 
the Danish Cancer Registry and randomly 
selected 5506 controls from among the whole 
Danish childhood population using the Danish 
Population Registry. Controls were matched to 
cases by sex, age, and calendar time. The resi-
dential history of each child was traced from 
9 months before birth to the time of diagnosis. 
NO2 and benzene concentrations were calculated 
from a validated model based on traffic and the 
configuration of the street and buildings at the 
address, emission factors of the Danish car fleet, 
meteorological variables, and the background air 
pollution concentration. The analyses adjusted 
for urban development, geographical region, 
type of residence, electromagnetic fields, moth-
er’s age, and birth order. For exposure to NO2 
between the 90th and 99th percentile or above 
the 99th percentile compared with below the 
50th percentile, the respective relative risks were 
1.1 (95% CI, 0.8–1.5) and 1.2 (95% CI, 0.6–2.3) 
for all three cancer types combined, 1.3 (95% CI, 
0.8–2.3) and 0.4 (95% CI, 0.1–1.3) for leukaemia, 
0.8 (95% CI, 0.5–1.5) and 1.0 (95% CI, 0.3–3.1) 
for CNS tumours, and 1.8 (95% CI, 0.7–4.3) and 
4.7 (95% CI, 1.2–17.6) for lymphomas. The results 
also indicated no associations with exposure to 
benzene concentrations or traffic density either 
in utero or during childhood. [The Working 
Group noted several strengths of this study, 
including the large sample size, assessment of 
cumulative exposure over all addresses during 
pregnancy and childhood, successful validation 
of the exposure assessment method, and a low 
potential for bias.]

Langholz et al. (2002) evaluated the 
amount of traffic near the residence of children 
(0–10 years) who developed leukaemia (n = 212) 
and controls (n = 202) from an earlier study of 
electromagnetic fields (London et al., 1991) in the 
Los Angeles area, which has some of the heaviest 
traffic loads in the USA. Cases were ascertained 
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by the Los Angeles County Cancer Surveillance 
Programme, and controls, matched to cases by 
age and sex, were either friends or identified by 
random-digit dialling. Exposure was assessed as 
a distance-weighted metric of the total amount 
of traffic within 457 m (1500  feet) of the home 
address where the child had lived for the longest 
time. Although an increased risk of leukaemia 
was observed in the upper quintile compared 
with the lowest quintile (RR, 1.4; 95% CI, 
0.7–3.0; adjustment for wire coding), no expo-
sure–response association was observed; the 
second quintile was associated with the highest 
risk. Further adjustment for magnetic fields and 
other variables had little impact on the results. 
(The “other variables” were not specified in the 
article, which referred to an Interim Report 
from the Electric Power Research Institute; 
EPRI EN-7464.) [Several weaknesses were noted, 
including the selection of controls and friends, 
which could lead to selection bias, and the use of 
a crude exposure measure.]

A small study of leukaemia incidence was 
undertaken in Varese, Italy (Crosignani et al., 
2004). A total of 120 cases were identified in the 
population-based Lombardy Cancer Registry, 
and 480 population controls were selected from 
the population-based Health Service Archives 
and matched to cases by age and sex. Benzene 
concentration at the address at diagnosis was 
calculated on the basis of traffic density on 
surrounding roads and the distances from the 
home address to roads with heavy traffic. When 
benzene concentrations of more than 10 µg/m3 
were compared with concentrations of less than 
0.1  µg/m3, the relative risk was 3.9 (95% CI, 
1.4–11.3; 7 exposed cases; adjusted for socioec-
onomic status of the municipality) and there 
was a trend across the three exposure categories. 
[The exposure model was a strength of the study. 
Limitations included a small number of cases 
and the lack of validation of the exposure model.]

A large, state-wide study in California, USA, 
evaluated risk relationships for incident cancers 

among young children (0–4  years) (Reynolds 
et al., 2004). A total of 4369 cases of all types of 
cancer were identified in the population-based 
Californian Cancer Registry, and 8730 popu-
lation controls were selected using birth certif-
icates. Controls were matched to cases by age 
and sex. Road and traffic density was assessed 
within 152 m of the address at the time of birth. 
For leukaemia, the odds ratio was 0.79 (95% 
CI, 0.63–1.00) in association with road density 
and 0.92 (95% CI, 0.73–1.15) in association with 
traffic density, for the upper 10% compared with 
the lowest quartile. Similarly, no association 
was found for all cancers combined or for CNS 
tumours. Thus, the study found no evidence for 
an association with traffic near the mother’s resi-
dence at the time of the child’s birth, after adjust-
ment for race and ethnicity. Further adjustment 
for mother’s age, birth weight, neighbourhood 
income, or county-level benzene emissions had 
little effect on the results. The exposure assess-
ment method was successfully validated against 
benzene measurements. [Strengths of this study 
are that it was large and state-wide, that it had 
a low potential for bias, and that the exposure 
assessment method was successfully validated.]

Von Behren et al. (2008) studied the incidence 
of acute lymphocytic leukaemia among children 
in northern and central California, USA, in 
association with traffic load at the residence at 
the time of birth, at the time of diagnosis, and a 
time-weighted average over all addresses during 
childhood. A total of 310 cases were recruited 
at hospitals, and 396 population controls were 
selected from birth certificates and matched to 
cases by age, sex, Hispanic ethnicity, mother’s 
race, and county of birth. Exposure was defined 
as the total number of vehicle miles travelled 
within 152 m of the residence. After adjustment 
for household income, for the upper quartile of 
exposure compared with the “no road traffic” 
category, the odds ratio was 1.1 (95% CI, 0.7–1.8) 
for the address at birth, 1.2 (95% CI, 0.8–1.8) for 
the address at diagnosis, and 1.2 (95% CI, 0.7–2.1) 
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for all addresses. The exposure assessment 
method was successfully validated against meas-
urements. [Strengths of this study include the use 
of all addresses in the exposure assessment and 
the validation of the exposure measurements.]

Steffen et al. (2004) identified 280 cases of 
acute leukaemia at hospitals in France and used 
285 children hospitalized for acute pathologies as 
controls. Controls were matched to cases by age, 
sex, ethnic origin, hospital centre, and urban or 
rural setting. Mothers of case and control chil-
dren were interviewed about heavy-traffic roads 
near addresses during childhood, neighbouring 
automotive repair garages or petrol stations, and 
many other potential risk factors. The odds ratios 
were 4.0 (95% CI, 1.5–10.3) for living neigh-
bouring a repair garage or petrol station and 1.3 
(95% CI, 0.6–2.9) for living near a motorway. 
Adjustment for family history of solid tumours 
or haematological neoplasms, early infections, 
day-care attendance, breastfeeding, and high-
traffic roads did not modify the association. 
[Several limitations of the study were noted, 
including potential selection bias resulting from 
the use of hospital-based controls, potential 
recall bias resulting from the interview-based 
exposure assessment, and the lack of certainty as 
to how the crude exposure measures relate to air 
pollution exposure.]

Brosselin et al. (2009) further investigated 
the hypothesis of an association between acute 
leukaemia and residence near petrol stations and 
automotive repair garages in a new independent 
nationwide study in France including 765 cases of 
acute leukaemia from hospitals and 1681 controls 
selected from national telephone lists (landlines 
only). Mothers of case and control children were 
interviewed about proximity of the home to 
automotive repair garages, petrol stations, and 
other businesses, and many other potential risk 
factors during childhood. The study showed an 
increased risk for living neighbouring a repair 
garage or petrol station (OR, 1.6; 95% CI, 1.2–2.2) 
after adjustment for age, sex, number of children 

in the household, degree of urban development, 
and type of housing. [A strength of the study is 
its large sample size. Limitations include poten-
tial recall bias resulting from the interview-based 
exposure assessment, the use of a crude exposure 
measure, and potential selection bias due to the 
fact that lists of landline telephones would prob-
ably not cover the total base population. This 
study overlaps with Amigou et al. (2011).]

Amigou et al. (2011) assessed the associ-
ation between acute leukaemia and traffic or 
NO2 near the residence using many of the same 
methods as Brosselin et al. (2009) but applying 
objective approaches for NO2 assessment in 
local 4 km2 grids, proximity to roads, and road 
density within 500 m of the address at diagnosis. 
Controls were matched to cases by age and sex, 
and the results were adjusted for socioeconomic 
status. The study found positive associations 
between all three measures for air pollution and 
acute leukaemia; the odds ratios were 2.0 (95% 
CI, 1.0–3.6) for a high score on the index for prox-
imity to main roads compared with the unex-
posed category, 2.2 (95% CI, 1.1–4.2) for a high 
score on the index for heavy-traffic roads within 
500 m compared with the unexposed category, 
and 1.2 (95% CI, 1.0–1.5) for traffic-related NO2 
of 16.2 µg/m3 or more compared with less than 
12.2  µg/m3. Further adjustment for degree of 
urban development, type of housing, birth order, 
infections, pesticide use, and parental smoking 
did not change the results. [The large sample size 
is a strength of this study. Limitations include 
potential selection bias resulting from the fact 
that lists of landline telephones would probably 
not cover the total base population, the use of 
crude exposure measures, and the lack of valida-
tion of the NO2 model.]

Associations of childhood leukaemia with 
several indicators of exposure to air pollution 
were reported in several papers from Taiwan, 
China. Weng et al. (2008b) studied leukaemia 
mortality in association with the same industry 
index at the municipality level (405 cases and 
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405 controls), petrol-station density, defined as 
number of petrol stations divided by the area of 
the municipality (729 cases and 729 controls) 
(Weng et al., 2009), and NO2 measured at moni-
toring stations in 64 municipalities (308 cases 
and 308 controls) (Weng et al., 2008a). Controls 
were selected from among all people who had 
died due to non-neoplastic, non-respiratory 
diseases and were matched to cases by sex, year 
of birth, and year of death. Results were adjusted 
for the urbanization level of the municipality. 
Among those aged 0–19 years, the odds ratio was 
1.75 (95% CI, 1.00–3.06) for the highest quar-
tile of 226 more-rural municipalities compared 
with the lowest quartile of scores for the petro-
chemical air pollution index and 1.26 (95% CI, 
0.70–2.26) for the non-petrochemical industry 
index (Weng et al., 2008b). The two industrial 
indices were mutually adjusted. [Limitations of 
the study are the use of mortality and the uncer-
tainty as to how the air pollution indices relate 
to concentrations at participants’ addresses since 
no validation is presented.]

The highest tertile of the municipality 
petrol-station density index was associated 
with a significantly higher risk of death due to 
leukaemia among children aged 0–14 years (OR, 
1.91; 95% CI, 1.29–2.82) (Weng et al., 2009). [The 
study is large but is limited by the use of mortality 
and the uncertainty as to how the petrol-station 
density index relates to concentrations at partici-
pants’ addresses since no validation is presented.]

A related paper (Weng et al., 2008a) reported 
leukaemia mortality among children aged 
0–14  years to be associated with the highest 
tertile of annual mean concentrations of NO2 at 
municipal monitoring stations compared with 
the lowest tertile of municipalities (OR, 2.29; 95% 
CI, 1.44–3.64). [This study is limited by the use 
of mortality, the lack of information on location 
(street or background) of the monitoring stations, 
and the uncertainty as to how the concentrations 
monitored in the different municipalities reflect 
population exposure.]

In another study from Taiwan, China, Yu 
et al. (2006) studied incidence of leukaemia 
among children aged 0–19 years in metropolitan 
Kaohsiung. Cases (n  =  131) were identified at 
the large hospitals in the area, and controls were 
selected from a population registry and matched 
to cases by age and sex. Assessment of exposure 
to petrochemical air pollution was improved 
over previous methods by using an exposure 
opportunity score based on the assessment of all 
addresses held for more than 1 year for distance 
to petrochemical plant(s), prevailing wind direc-
tion, and multiple sources of petrochemical 
pollution. The odds ratios for an association with 
the exposure opportunity score were 1.04 (95% 
CI, 0.79–1.38) for all leukaemias and 1.21 (95% 
CI, 0.89–1.65) for acute lymphocytic leukaemia. 
Further adjustment for parental occupation in the 
petrochemical industry had little impact on the 
results. [This study is limited by the small sample 
size. The Working Group noted that although 
the exposure assessment method is more sophis-
ticated compared with the simple petrochem-
ical index used in other studies, it is uncertain 
how the exposure opportunity score relates to 
concentrations at participants’ addresses since 
no validation is presented.]

In Australia, Bailey et al. (2011) studied 
parental non-occupational refuelling of a car the 
year before and during pregnancy, as a surrogate 
for exposure to benzene, a potential risk factor 
for childhood acute lymphoblastic leukaemia. 
A total of 389 cases were ascertained from the 
Australian paediatric oncology centres, and 
population controls were selected using random-
digit dialling. Information about exposure was 
collected by questionnaire. The odds ratios for 
acute lymphoblastic leukaemia in the offspring 
were 0.82 (95% CI, 0.57–1.20) for refuelling by 
the mother (ever vs never) and 1.56 (95% CI, 
0.65–3.77) for refuelling by the father (ever vs 
never) after adjustment for age, sex, state, and 
education level. Further adjustment for income, 
ethnicity, birth order, parental age, birth defects, 
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and paternal smoking had little impact on the 
results. [The Working Group noted that the use 
of random-digit dialling for selection of controls 
could lead to selection bias, the assessment of 
exposure by questionnaire could lead to recall 
bias, the exposure measures were crude, and 
there was uncertainty as to how these related to 
the exposure of participants.]

In the Emilia-Romagna region, in northern 
Italy, Vinceti et al. (2012) identified 83 inci-
dent cases of acute leukaemia among children 
aged 0–14 years in the population-based cancer 
registry of the Italian Association of Paediatric 
Haematology and Oncology and selected 332 
population controls individually matched to cases 
by sex, year of birth, and province of residence. 
Traffic-related benzene and PM10 concentrations 
were estimated by the CALINE4 dispersion 
model at the addresses at the time of diagnosis. 
Modelled concentrations were validated against 
those measured at fixed-site monitoring stations. 
For the highest compared with the lowest expo-
sure categories, the odds ratios were 1.8 (95% CI, 
0.9–3.7) for benzene and 1.8 (95% CI, 0.8–3.9) 
for PM10. Stronger, statistically significant results 
were found for children younger than 5  years. 
[A strength of this study was the use of a vali-
dated exposure model. A limitation was the 
small sample size, resulting in wide confidence 
intervals.]

In a nationwide case–control study in Italy, 
Badaloni et al. (2013) studied leukaemia among 
children aged 0–10 years in association with traffic 
and air pollutants at the residence. A total of 747 
eligible cases from 14 out of 20 Italian regions 
were identified through the national childhood 
cancer registry of the Italian Association of 
Paediatric Haematology and Oncology and the 
National Paediatric Oncology Task Force, and 
1509 controls were randomly selected from the 
population and matched to cases by birth data, 
sex, and region; 91% of the cases and 69% of the 
controls participated. Information about resi-
dential history and individual-level potential 

confounders was collected by face-to-face inter-
views. PM2.5 concentration was estimated by a 
national dispersion model with 4  km  ×  4  km 
resolution. Concentrations of NO2, PM10, and 
ozone were estimated by land-use regression 
models with 100 m × 100 m resolution. Increased 
risks for leukaemia were not found regardless of 
the exposure measure applied: the odds ratio for 
the highest quartile compared with the lowest 
quartile was 0.85 (95% CI, 0.61–1.18) for NO2 
and 1.00 (95% CI, 0.70–1.41) for PM10. Similar 
negative results were found in several sensi-
tivity analyses. [Strengths of this study include 
the large sample size, the nationwide coverage, 
and a detailed exposure assessment that was 
successfully validated. However, this study may 
be affected by selection bias due to the large 
difference in participation rate between cases 
and controls.]

(c) Other childhood cancers

Data for childhood CNS tumours are 
presented in Table 2.14; data for other childhood 
cancers are presented in Table 2.15.

Associations of childhood CNS tumours 
with indicators of exposure to air pollution were 
investigated in the previously cited studies by 
Savitz & Feingold (1989) and Feychting et al. 
(1998). No significant association was found.

In a large study in Los Angeles County, 
California, USA, Ghosh et al. (2013) investigated 
incident cancer among children aged 0–5 years 
in association with exposure to NO, NO2, and 
NOx during pregnancy. A total of 4015 cases of 
all types of cancer diagnosed between 1988 and 
2008 were identified in the California Cancer 
Registry that could be linked to birth certificates 
(11% of identified cases could not be linked and 
were excluded), and 80 658 population controls 
were selected using birth certificates. Land-use 
regression models were successfully validated 
and used to calculate the annual mean levels 
of NO, NO2, and NOx at the address at birth. 
Monthly variation was estimated from data from 
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the nearest monitoring station. Risk of child-
hood cancer was analysed per linear increase 
of 25  ppb during pregnancy. Among 19 types 
of childhood cancer assessed, only rare bilateral 
retinoblastoma showed a statistically significant 
result for exposure during the third trimester. 
For acute lymphoblastic leukaemia, the odds 
ratios were 1.08 (95% CI, 1.01–1.16) for NOx, 1.23 
(95% CI, 0.98–1.53) for NO2, and 1.09 (95% CI, 
1.01–1.18) for NO. For acute myeloid leukaemia, 
the odds ratios were 0.88 (95% CI, 0.73–1.07) 
for NOx, 0.71 (95% CI, 0.39–1.30) for NO2, and 
0.84 (95% CI, 0.65–1.09) for NO. The results were 
adjusted for sex, year of birth, mother’s age, race/
ethnicity, education level, parity, prenatal care, 
insurance type, and socioeconomic score of the 
census block. Further adjustment for prenatal 
care, mother’s birthplace, father’s race, father’s 
education level, child’s birth weight, and birth 
season had little impact on the results. [Strengths 
of this study include the large sample size and 
the validated exposure assessment method. 
Limitations include the possibility of chance 
findings resulting from multiple testing and the 
potential for selection bias if the 11% of cases that 
were excluded differed from the included cases 
with respect to air pollution exposure.]

Heck et al. (2013) used the California 
Cancer Registry to identify incident childhood 
(0–5  years) cancer cases born and diagnosed 
in 1998–2007; 3590 cases (89%) that could be 
matched to California birth certificates were 
included, and 80  224 controls were randomly 
selected directly from the California birth rolls. 
Concentrations of CO, NOx, and PM2.5, consid-
ered markers of the traffic-related air pollution 
mix, were modelled by the validated CALINE4 
dispersion model. The exposure metrics assessed 
included residence of the child within 8 km of 
a fixed-site monitoring station, PM2.5 concen-
trations from these monitors, and traffic density 
within 500 m of the residence. The analyses were 
adjusted for year of birth, parental race/ethnicity, 
mother’s education level, mother’s county of 

birth, method of payment for prenatal care, and 
neighbourhood socioeconomic status index. 
Among the 16 different types of childhood cancer 
assessed, the odds ratios for an IQR increase in 
exposure during pregnancy of CO and PM2.5, 
respectively, were 1.05 (95% CI, 1.01–1.10) and 
1.10 (95% CI, 0.92–1.30) for acute lymphoblastic 
leukaemia, 1.16 (95% CI, 1.02–1.33) and 1.46 
(95% CI, 0.70–3.06) for bilateral retinoblastoma, 
and 1.26 (95% CI, 1.12–1.41) and 0.77 (95% CI, 
0.36–1.68) for germ cell tumours of the teratoma 
type. The odds ratios for acute lymphoblastic 
leukaemia in association with CO were similar 
for Los Angeles County (1.06; 95% CI, 1.00–1.12) 
and the rest of the state (1.08; 95% CI, 0.99–1.17). 
For acute myeloid leukaemia, the odds ratios for 
an IQR increase in exposure during pregnancy 
were 0.85 (95% CI, 0.73–0.98) for CO and 0.85 
(95% CI, 0.57–1.27) for PM2.5. There was some 
consistency with the results presented by Ghosh 
et al. (2013) since both studies showed increased 
risk of acute lymphoblastic leukaemia and retin-
oblastoma and decreased risk of acute myeloid 
leukaemia. [About one third of the study popula-
tion overlapped with that investigated by Ghosh 
et al. (2013) (Julia Heck, personal communica-
tion), and the results from these two studies are 
therefore not independent, except for the acute 
lymphoblastic leukaemia result for California 
excluding Los Angeles County, where no overlap 
in study population existed. Strengths of this 
study include the large sample size, the state-
wide enrolment, and a validated exposure model. 
Limitations include the possibility of chance 
findings resulting from multiple testing, the 
small numbers of rare cancers, and the potential 
for selection bias if the 11% of cases that could 
not be matched to birth certificates differed from 
the included cases with respect to air pollution 
exposure.]
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2.6 All cancers combined and 
cancers of other sites

Few studies have reported the association 
between exposure to air pollution and all cancers 
combined or cancers at sites other than the lung, 
bladder, breast, or haematopoietic system, or 
childhood cancers. The sparse data limit a formal 
evaluation. Furthermore, the interpretation of 
all cancer sites combined is difficult because 
different cancer sites have different etiologies and 
different potential confounders.

2.6.1 All cancers combined

The group of studies that investigated all 
cancer sites combined have different designs, 
including ecological studies (Nasca et al., 1980; 
Robertson, 1980; Howe, 2005; Visser et al., 2005; 
García-Pérez et al., 2013) and cohort studies 
(Forastiere et al., 1994; Soll-Johanning et al., 
1998; Pukkala & Pönkä, 2001; Soll-Johanning 
& Bach, 2004; Ranzi et al., 2011). These studies 
focused on different sources, such as “general 
urban mixture of air pollutants,” as well as 
specific point sources, such as waste disposal 
facilities, industries, and airports. [The Working 
Group noted that combining all cancer sites in 
studies that assessed air pollution renders them 
uninterpretable due to the different etiologies 
and the lack of control for the appropriate poten-
tial confounders.]

2.6.2 Cancers of other sites

(a) Case–control studies

Liu et al. (2008b) investigated the relationship 
between petrochemical air pollution and brain 
cancer death in Taiwan, China, using a matched 
case–control study (see Table 2.14). Cases were 
340 deaths from brain cancer (ICD-9 code: 191) 
aged 29 years or younger registered between 1995 
and 2005. About half of the cases were younger 
than 15 years. A total of 340 controls were 

selected from among all people who had died 
due to non-neoplastic, non-respiratory diseases 
in the same period and were pair-matched to 
cases by sex, year of birth, and year of death. A 
surrogate measure of exposure to petrochemical 
air pollution was defined as the proportion of 
workers working in the petrochemical manufac-
turing industry per municipality. Subjects were 
assigned to tertiles of the petrochemical air pollu-
tion index according to their residential munic-
ipality. Conditional logistic regression models 
were used with adjustment for age, sex, urbani-
zation level of residence, and non-petrochemical 
air pollution exposure level. The odds ratio for 
living in a municipality with high petrochemical 
air pollution index compared with low index was 
1.65 (95% CI, 1.00–2.73). A dose–response rela-
tionship was observed, with increasing exposure 
to petrochemical air pollutants in a residential 
municipality associated with a greater odds ratio 
(P-value from test for trend < 0.01). [Limitations 
of the study are the use of mortality, an indirect 
measure of air pollution, and the lack of adjust-
ment for other potential confounding factors, 
such as exposure to ionizing radiation.]

Chiu et al. (2011) conducted a matched 
case–control study to examine the association 
between petrol-station density and death from 
gastric cancer in Taiwan, China. Cases included 
358 deaths from gastric cancer (ICD-9 code: 151), 
aged 50–69 years, registered from 2004 to 2008. 
Control subjects were 358 non-cancer or gastro-
intestinal disorder-related deaths, pair-matched 
by sex, year of birth, and year of death. Petrol-
station density was calculated by summing the 
total number of petrol stations in each munici-
pality, divided by the total area (km2). Participants 
were assigned to tertiles of exposure according 
to levels of petrol-station density within their 
residential municipality. Conditional logistic 
regression models were applied with adjustment 
for marital status and urbanization level. The 
adjusted odds ratio for living in a municipality 
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with high petrol-station density compared with 
low petrol-station density was 1.26 (95% CI, 
1.04–1.53). A dose–response relationship was 
observed, with increasing petrol-station density 
in a residential municipality related to a greater 
odds ratio (P-value from test for trend < 0.001). 
[Limitations of the study are the use of mortality, 
an indirect measure of air pollution, and the lack 
of adjustment for other potential confounding 
factors, such as smoking and diet.]

Parent et al. (2013) conducted a case–control 
study based on incident cases (803 cases) in 
Montreal, Canada, to estimate associations 
between exposure to modelled ground-level 
NO2 concentration, a marker for traffic-related 
air pollution, and incidence of prostate cancer. 
For each increase of 5 ppb in NO2, the odds ratio 
was 1.27 (95% CI, 1.03–1.58), adjusted for age, 
first-degree family history of prostate cancer, 
ancestry, attained level of education, and three 
ecological covariates from the 1996 Canadian 
census: percentage of adults who did not complete 
high school, median household income, and 
percentage of recent immigrants. [The study 
modelled ground-level NO2 concentration as an 
estimator of traffic-related pollution.]

(b) Cohort studies

See Table 2.16.
Selected other cancer sites reported in cohort 

studies that assessed exposure to air pollution 
or occupations involving exposure to outdoor 
air pollution are summarized in Table  2.16. 
Mixed results were reported in several studies 
for colon cancer (Rafnsson & Gunnarsdóttir, 
1991; Gubéran et al., 1992; Forastiere et al., 
1994; Lagorio et al., 1994; Raaschou-Nielsen 
et al., 2011b). Of the cohort studies that assessed 
stomach cancer (Rafnsson & Gunnarsdóttir, 
1991; Gubéran et al., 1992; Forastiere et al., 1994; 
Lagorio et al., 1994; Soll-Johanning et al., 1998; 
Raaschou-Nielsen et al., 2011b; Ranzi et al., 2011) 
and brain cancer (Rafnsson & Gunnarsdóttir, 

1991; Gubéran et al., 1992; Forastiere et al., 1994; 
Pukkala & Pönkä, 2001; McKean-Cowdin et al., 
2009; Raaschou-Nielsen et al., 2011b), many 
reported risk estimates greater than 1. All except 
two cohort studies reported a decreased risk of 
pancreatic cancer, although none of the asso-
ciations reported were statistically significant 
(Raaschou-Nielsen et al., 2011b; Forastiere et al., 
1994; Rafnsson & Gunnarsdóttir, 1991; Gubéran 
et al., 1992; Lagorio et al., 1994; Pukkala & Pönkä, 
2001). A large cohort study (Raaschou-Nielsen 
et al. 2011b) in Denmark reported increased 
risks of cervical cancer associated with prox-
imity to a major road at both 50 m (IRR, 4.36; 
95% CI, 2.12–8.95) and 200  m (IRR, 1.70; 95% 
CI, 1.12–2.58) and exposure to NOx (IRR, 2.45; 
95% CI, 1.01–5.93, per 100 μg/m3 increase in NOx, 
adjusted for smoking, education level, and oral 
contraceptive use). [This study did not adjust for 
human papillomavirus (HPV) status, an impor-
tant risk factor for cervical cancer. Chance find-
ings are possible given the number of cancer sites 
considered.]
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3.1 Studies of components of 
outdoor air pollution in previous 
IARC Monographs

3.1.1 Introduction

Outdoor air pollution is a complex mixture 
of multiple pollutants originating from a myriad 
of natural and anthropogenic sources. This 
includes transportation-related pollution – the 
overall mixture of various exhaust emissions, 
which themselves are source-specific complex 
mixtures of particulate matter (PM), gases, and 
volatile and semivolatile substances, and very 
often contain organic and inorganic substances 
classified as IARC Group 1 or Group 2 carcino-
gens (Section 1, Table 1.2) – as well as contribu-
tions from other sources. The evaluation of the 
carcinogenic potential of outdoor air pollution 
should be based on investigations using polluted 
outdoor air or on studies of emissions that 
contribute substantially to air pollution.

In experimental animals, only inhalation 
experiments are able to investigate complex 
mixtures of airborne gases, volatile substances, 
and aerosols, and the primary target organ of 
air pollutants is the respiratory tract. Therefore, 
studies in experimental animals using inhalation, 
intratracheal instillation, or lung implantation 
were the most informative studies to evaluate 
the carcinogenicity of air pollutants or of frac-
tions thereof collected using special devices. Skin 
application or subcutaneous injection of PM, 
condensates, and extracts of PM, all contained 

in outdoor air and in exhaust emissions, were 
also used to assess the carcinogenic potential of 
exhaust emissions and therefore also of outdoor 
air pollution.

One class of carcinogens that has been widely 
identified in outdoor air pollution – because it 
is generated by high-temperature incomplete 
combustion of organic material like oil, oil-de-
rived products, coal, and wood – comprises 
non-heterocyclic polycyclic aromatic hydro-
carbons (PAHs), nitroarenes, and some related 
compounds. In outdoor air, these compounds 
are attached primarily to outdoor PM. Some 
examples of PAH-containing emissions are those 
from household combustion of coal or wood 
and exhaust emissions from diesel and gasoline 
engines (see Section 1).

The carcinogenic effects in experimental 
animals of PAHs, of related compounds, and of 
mixtures containing two or more representatives 
of these agents have been evaluated previously in 
the IARC Monographs, in Volume 3 (IARC, 1973), 
Volume 32 (IARC, 1983), Volume 92 (IARC, 
2010a), and Volume 100F (IARC, 2012b), as well 
as in Volume 95 (IARC, 2010b) and Volume 100E 
(IARC, 2012a) (both of which deal with emissions 
from combustion of coal or wood) and Volume 
105 (IARC, 2013) (which deals with diesel and 
gasoline engine exhausts and some nitroarenes).

3.1.2 Emissions from household combustion 
of coal or wood

See Table 3.1, Table 3.2, Table 3.3, Table 3.4, 
Table 3.6, and Table 3.7.

3. CANCER IN EXPERIMENTAL ANIMALS
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In two studies in mice and one study in rats, 
inhalation exposure to emissions from incom-
plete combustion of coal caused high incidences 
of malignant lung tumours (IARC, 2012a). In 
one study in mice, exposure to high emissions 
from incomplete combustion of wood caused 
an increased incidence of lung tumours (mainly 
adenocarcinomas) after 15 months of exposure. 
A study in rats with a similar design was negative 
after 19 months of exposure (IARC, 2010b).

The previous IARC Monographs Working 
Groups concluded that there was sufficient 
evidence in experimental animals for the 
carcinogenicity of emissions from combustion 
of coal (IARC, 2012a) but only limited evidence 
in experimental animals for the carcinogenicity 
of emissions from combustion of wood (IARC, 
2010b).

In addition, four skin application or subcuta-
neous injection studies using coal-derived soot 
extracts in mice (IARC, 2012a) and two subcu-
taneous injection studies using wood smoke 
extracts in mice (IARC, 2010b) showed increased 
incidences of lung cancers or skin tumours.

The IARC Monographs Working Groups 
concluded that there was sufficient evidence in 
experimental animals for the carcinogenicity 
of coal-derived soot extracts (IARC, 2012a) 
and sufficient evidence in experimental animals 
for the carcinogenicity of wood smoke extracts 
(IARC, 2010b).

Since the above-mentioned previous IARC 
Monographs evaluations, only one new skin 
application study using wood smoke extract in 
mice [inadequate for the evaluation] (Lewtas, 
1993; Cupitt et al., 1994) and no new studies on 
emissions from combustion of coal were avail-
able to the Working Group.

3.1.3 Exhaust emissions from diesel engines 
and gasoline engines

See Table  3.1, Table 3.2, Table 3.3,  
Table 3.4, Table 3.5, and Table 3.6.

It has been shown in 11 studies in rats that 
whole diesel engine exhaust from engines 
produced before 2000 caused an increased inci-
dence of benign and/or malignant lung tumours 
after long-term inhalation exposure to suffi-
ciently high concentrations of particles contained 
in whole diesel engine exhaust. All studies in 
mice were negative except one, which showed 
inconsistent results. No increase in the incidence 
of lung tumours was observed in three studies 
in hamsters exposed to whole diesel engine 
exhaust. The gas phase of diesel engine exhaust 
(i.e. without diesel engine exhaust particles) did 
not cause an increase in lung tumours in studies 
in mice, rats, or hamsters. Diesel engine exhaust 
particles caused malignant lung tumours in rats 
after intratracheal instillation, and extracts of 
these particles caused malignant lung tumours 
in rats after intrapulmonary implantation and 
caused malignant fibrous histiocytomas in mice 
after subcutaneous injection (IARC, 2013).

No lung tumours were observed in rats, 
hamsters, or dogs after inhalation exposure to 
whole gasoline engine exhaust. However, gaso-
line engine exhaust condensates induced malig-
nant tumours of the skin in three skin application 
studies in mice, malignant lung tumours in one 
intrapulmonary implantation study in rats, and 
pulmonary adenomas in one intratracheal instil-
lation study in hamsters (IARC, 2013).

The Working Group of Volume 105 of the 
IARC Monographs concluded that there was suffi-
cient evidence in experimental animals for the 
carcinogenicity of whole diesel engine exhaust, 
of diesel engine exhaust PM, and of extracts of 
diesel engine exhaust particles. With respect to 
gasoline engine exhaust, the Working Group 
concluded that there was sufficient evidence in 
experimental animals for the carcinogenicity 
of only the condensates of the exhaust (IARC, 
2013).
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3.2 Inhalation studies of exposure to 
outdoor air

See Table 3.8.
A series of studies was conducted in São Paulo, 

Brazil, to determine the effect of inhaled outdoor 
air on the initiation and promotion of lung 
tumours in Swiss mice treated with or without 
the known carcinogen urethane. A second series 
of studies was conducted in Los Angeles, USA, on 
the induction of lung tumours in several strains 
of mice and one rat strain exposed to outdoor 
air. Descriptions of these studies are given below.

3.2.1 Mice exposed to outdoor air in São 
Paulo, Brazil

Cury et al. (2000) studied Swiss mice aged 
15 days [sex was not reported] that were injected 
intraperitoneally twice within 48 hours with 3 g/
kg body weight (bw) of the carcinogen urethane. 
The animals were then housed in cages in either a 
low-pollution area (in a house in the rural region 
of Atibaia) or a high-pollution area (a church 
tower in São Paulo) for 6  months before being 
killed. The outdoor air pollution in São Paulo is 
mainly due to vehicular traffic. [Methanol and 
ethanol, besides gasoline and diesel, are used as 
vehicle fuels in Brazil; see Section 1.] The authors 
stated that the mean levels of pollutants in São 
Paulo between 1994 and 1997 were as follows: 
63.8 µg/m3 ozone, 66.2 µg/m3 PM with particles 
of aerodynamic diameter less than 10 µm (PM10), 
125  µg/m3 nitrogen dioxide (NO2), 4.4  ppm 
carbon monoxide (CO), and 21  µg/m3 sulfur 
dioxide (SO2). [It is unclear whether the study 
was performed between 1994 and 1997.] Pollutant 
levels in the rural area were not reported. There 
was an increase (P  =  0.002) in lung “atypical” 
adenoma multiplicity (number of tumours per 
tumour-bearing animal). [These lesions exhib-
ited cytological and architectural atypia, but no 
metastasis or invasion was found.] There was no 
increase in the multiplicity of lung adenoma or 
lung hyperplasia. [The Working Group noted 

that the study was limited by the fact that lung 
tumour incidence was not provided, that there 
was no clean air control group, and that numer-
ical values of tumour multiplicity were not tabu-
lated but were shown on a graph.]

In a similar study, the same group of inves-
tigators (Reymão et al., 1997) used the same 
exposure protocol, both for administration of 
urethane and for geographical sites of outdoor 
air pollution exposure (São Paulo and Atibaia), to 
conduct two experiments. The relative contribu-
tions of the different sources of PM in São Paulo 
were 40% from automotive, 10% from industrial, 
and 50% from other sources.

The first experiment was designed to deter-
mine whether outdoor air pollution acts as an 
initiator and/or a promoter of lung cancer. Eight 
groups of 25–50 Swiss mice (half male, half 
female) were studied. For one set of four groups 
of mice (50 per group), each group was exposed 
to outdoor air in either São Paulo or Atibaia for 
2 months with or without prior intraperitoneal 
injections of urethane. For another set of four 
groups of mice (25 per group), each group was 
exposed to outdoor air in either São Paulo or 
Atibaia for 6  months and then returned to the 
laboratory “vivarium” [animal house at the 
University of São Paulo] for 2  months before 
being killed; two groups of these mice, exposed 
to either São Paulo air or Atibaia air, were 
injected with urethane at the beginning of the 
2-month holding period. Animals exposed only 
to air pollution were considered as being tested 
for initiation of lung tumours; animals exposed 
to both urethane and air pollution were being 
tested for promotion of lung tumours initiated 
by urethane.

In the 2-month initiation studies, the inci-
dences of lung adenoma (both sexes combined) 
were 6/50 for mice exposed to São Paulo air 
and 0/50 for mice exposed to Atibaia air. In the 
6-month initiation studies, the incidences were 
11/21 for São Paulo air and 0/20 for Atibaia air. 
[The Working Group found both results to be 
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statistically significant (P  <  0.05), although the 
number of animals was small in the 6-month 
study and the duration of exposure was short.] In 
the 2-month promotion studies, the incidences 
in the urethane-injected mice were 43/50 for São 
Paulo air and 30/50 for Atibaia air. [The Working 
Group found this result to be statistically signif-
icant (P < 0.05) but noted the short duration of 
exposure.] In the 6-month promotion studies, 
the incidences in the urethane-injected mice 
were 17/20 for São Paulo air and 14/20 for Atibaia 
air [not significant]. The authors stated that the 
promotion arm of the experiment was positive, 
based on an increase in lung tumour multiplicity 
that was statistically significant (P = 0.005). [The 
Working Group noted that numerical values of 
tumour multiplicity were not given.]

The second experiment was designed to 
determine whether the effect of outdoor air 
pollution on urethane-induced lung adenomas 
was dose-dependent. A group of Swiss mice 
aged 15 days was divided into five groups of 25 
male and 25 female mice, all treated with intra-
peritoneal injections of urethane as previously 
described. One group was then sent to Atibaia 
for the duration of the experiment (60 days). The 
other four groups were exposed to outdoor air in 
São Paulo for 15, 30, 45, or 60 days, respectively. 
At the end of the designated exposure period, the 
four groups of mice were shipped to Atibaia for 
the remainder of the 60-day study. Only 172 of the 
250 mice that started the experiment survived, 
due to early deaths from urethane within 3 days 
of injection of the drug. The authors reported 
a dose-dependent increase [no statistics were 
given], based on increasing duration of exposure 
to São Paulo air related to increasing promotion 
of lung adenomas in mice exposed to urethane. 
The incidences of lung adenoma after 15, 30, 
45, or 60 days of exposure to São Paulo air were 
13/26, 15/27, 33/39, and 34/39, respectively [posi-
tive trend, P < 0.005]. The incidence in the group 
of animals exposed for 60  days in Atibaia was 
28/41.

In a later study by Pereira et al. (2011), 100 
female Swiss mice were divided into four groups 
of 25 animals and housed for 2 months in one 
of two chambers in São Paulo. PM10 concentra-
tion in the outdoor air was 24.5 µg/m3. Half of 
the animals were treated with intraperitoneal 
injections of urethane as described above, and 
half were not. One of the chambers had filtered 
outdoor air containing a mean of 4.54  µg/m3 
PM with particles of aerodynamic diameter less 
than 2.5 μm (PM2.5), and the other chamber had 
unfiltered outdoor air with 17.66  µg/m3 PM2.5. 
The mean number of lung adenomas per animal 
in the urethane-treated mice was significantly 
higher (P = 0.02) in the chamber with unfiltered 
air (4.0 ± 3.0) than in the chamber with filtered 
air (2.0 ± 2.0). [No lung tumour incidences were 
reported.]

3.2.2 Mice exposed to outdoor air in Los 
Angeles, USA

One study has been performed on the effect 
of outdoor air in Los Angeles, USA, in mice 
(Gardner, 1966; Wayne & Chambers, 1968). 
Gardner (1966) investigated whether outdoor 
air could induce lung tumours in several strains 
of mice exposed to Los Angeles outdoor air for 
6–15 months, beginning in 1962. [The Working 
Group noted the limited reporting of all the 
publications, and especially that no precise infor-
mation on PM was provided.] In the report by 
Gardner (1966), the experimental design was 
described as using three strains of mice: the lung 
tumour-susceptible A and A/J strains and the 
lung tumour-resistant C57 strain. The authors 
stated that four exposure sites were used, three 
of which had high pollution levels (University of 
Southern California Medical School, Burbank, 
and the Hollywood Freeway) and one of which 
had lower pollution levels (Azusa). With respect 
to describing outdoor air pollution, only concen-
trations of CO, nitrogen oxide, NO2, ozone, 
“particulates”, and hydrocarbons were given; 
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the concentrations for all sites were not very 
different. Exposures began at age 6  weeks and 
lasted for 6–15  months continuously. There 
were 10 animals per cage, segregated by sex. 
The exposed mice were housed in rooms with 
ventilation from the outdoor air; the unexposed 
(control) mice were held in rooms with air that 
had passed through an activated charcoal filter, 
which removed ozone, PM > 0.3 µm, and NO2. 
The number of mice used varied by strain, with 
almost 2000 mice of the A strain and 600 of the 
C57 strain.

Subsets of 30 animals were randomly chosen 
from each atmosphere to be killed at monthly 
intervals beginning at age 7  months. Lung 
tissue was examined for tumours. No difference 
between sexes in tumour incidence was noted in 
either the outdoor air-exposed or control groups, 
and consequently data for both sexes were pooled. 
In a first experiment in strain A mice, there was a 
significant (P < 0.01) increase in the incidence of 
pulmonary adenoma in the outdoor air-exposed 
groups of animals older than 12 months if data 
from the Burbank and Azusa sites were combined. 
However, there was no significant increase in 
the incidence of pulmonary adenoma in mice 
exposed to outdoor air at the medical school 
site. Pooled incidence data for animals observed 
after 12 months were as follows: medical school 
site, 35/129 (controls, 41/131); Azusa site, 46/120 
(controls, 34/121); Burbank site, 55/124 (controls, 
32/116). [Data from the Hollywood Freeway site 
were incompletely reported.] In an additional 
experiment conducted 2 years later, there was no 
significant difference between the exposed and 
control groups. Results with the A/J strain of 
mice indicated a higher incidence of pulmonary 
adenoma in both the outdoor air-exposed and 
control groups compared with the incidence in 
strain A mice, but there was no difference in the 
incidences between the outdoor air-exposed and 
control A/J mice. As expected, a low incidence 
of pulmonary adenoma was found in C57 mice, 
but all of the tumours were found in the mice 

exposed to outdoor air (exposed, 4/194; controls, 
0/187) (Gardner, 1966; Wayne & Chambers, 
1968). [The Working Group noted the limited 
reporting and the inconsistent results, and found 
this study difficult to interpret.]

3.2.3 Rats exposed to outdoor air in Los 
Angeles, USA

In a study designed similarly to the one 
described in Section  3.2.2, male and female 
Sprague-Dawley rats were exposed at the same 
sites to Los Angeles outdoor air for 6–15 months, 
beginning in 1962 (Gardner et al., 1969). Rats 
were exposed continuously beginning at age 
6 weeks and were killed after either 4–5 months 
or 27–28  months of exposure. No differences 
were noted in lifespan, body weight at death, 
or histology of lung tissue between the outdoor 
air-exposed and control groups. The total number 
of rats exposed to outdoor air was 287, of which 
153 were examined for lung tumours. Control 
rats were exposed to charcoal-filtered air. There 
were 161 controls, of which 92 were examined for 
lung tumours. No lung tumours were observed 
in either group of animals. [The Working Group 
noted that the sensitivity to PM-induced lung 
carcinogenesis in this strain is unknown.]

3.3 Non-inhalation studies of 
exposure to outdoor air

See Table 3.9.

3.3.1 Intratracheal instillation

Ito et al. (1997) collected PM from urban 
outdoor air in Tokyo, Japan, and extracted the 
tar with dichloromethane. The tar (25 mg) was 
mixed with 4.25  mg of carbon [not further 
described] and suspended in saline. Four groups 
of 5 male Fischer 344 rats (age, 5  weeks) were 
administered the tar–carbon mixture (1  mg in 
0.2 mL of saline) once a week for 4 consecutive 
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weeks by intratracheal injection [instillation]. 
Groups of instilled rats were also exposed by 
inhalation for 11 months to (group A) a mixture 
of 6  ppm NO2 + 4  ppm SO2, (group B) 6  ppm 
NO2, (group C) 4 ppm SO2, or (group D) filtered 
air. A control group (n = 5) received an intratra-
cheal instillation of carbon suspension (1 mg in 
saline) once a week for 4 weeks and was housed in 
filtered air for 18 months. Untreated control rats 
(n = 5) received no treatments and were housed 
in filtered air for 18 months. At 18 months, rats 
were killed and the incidence of pulmonary 
endocrine cell (PEC) hyperplasia and the inci-
dence of PEC papilloma were estimated as the 
number of observed lesions per lung volume. The 
mean incidences of PEC hyperplasia were signif-
icantly greater (P < 0.05) in animals treated with 
tar (groups A–D) relative to both control groups. 
Exposure to NO2 and/or SO2 did not promote 
hyperplasia or papilloma formation. A few PEC 
papillomas were found in animals treated with 
the tar extract (groups A–D) (not statistically 
significant); no papillomas were detected in 
controls. [The relevance of PEC hyperplasia and 
papilloma to cancer is not known. The Working 
Group noted the small number of animals. The 
study was judged inadequate for the evaluation.]

3.3.2 Subcutaneous injection

PM from outdoor air was collected by various 
methods at six sites in the USA: in Chelsea, 
Massachusetts, in Pittsburgh, Pennsylvania, 
and at four sites in the Holland Tunnel, which 
connects New York City and Jersey City (Leiter 
et al., 1942). In six groups of 20 male C3H mice 
(age, 2–3 months), each mouse received a single 
subcutaneous injection in the right axilla with one 
of six dust samples (~20 mg) suspended in 0.9% 
saline containing a small amount of emulsifying 
agent (dioctyl ester of sodium sulfosuccinate). 
The study was terminated 12 months after injec-
tion. Of the initial 120 treated mice, 60 were alive 
at 12 months. Of the 60 treated mice, 5 (8%) had 

pulmonary tumours and 8 (13%) had hepatomas. 
[Tumour types were not further specified.] The 
authors stated that incidences of pulmonary 
tumours in treated mice were not higher than the 
incidence of spontaneous pulmonary tumours in 
untreated mice of a subline of C3H mice [sponta-
neous tumour incidence was not reported]. [No 
detailed information on outdoor air pollutants 
was reported. No saline-injected control group 
was included. The Working Group noted the old 
age of the animals at the start of the experiment 
and the short duration of the experiment. The 
study was judged inadequate for the evaluation.]

Leiter et al. (1942) also evaluated the carcino-
genicity of eight tar fractions collected from the 
six outdoor air PM samples. The samples were 
extracted with benzene followed by ethyl ether. 
The solvents were removed by evaporation and 
the tar extract collected. Groups of 20 male 
C3H mice and 10 male and 10 female strain A 
mice (all aged 2–3  months) received a single 
subcutaneous injection of the tar extracts at 
doses ranging from 21 mg to 71 mg suspended 
in tricaprylin vehicle. [No attempt was made to 
use equal doses.] A vehicle control group of 20 
male C3H mice received a single subcutaneous 
injection of tricaprylin. A group of 30 untreated 
strain A mice was kept for determining the 
spontaneous tumour incidence. The study was 
terminated 12 months after injection. Over the 
12  months after injection of tars, 10 sarcomas 
were found in an effective total of 154 treated 
male C3H mice (7%), in contrast to 4 sarcomas 
in 126 treated strain A mice (3%). All sarcomas in 
strain A mice occurred in male mice. There were 
no injection-site sarcomas in vehicle controls. 
[Incidences of sarcomas in male C3H and strain 
A mice were not significantly different from the 
incidence in controls.] The incidence of pulmo-
nary tumours [tumour type was not further 
specified] was 5/81 (6%) [not statistically signif-
icant] in treated C3H mice compared with 0/16 
in C3H controls. Treated C3H mice (21/81 [26%]) 
also developed hepatomas [tumour type was not 
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further specified]; however, the incidence was 
not significantly different from that in vehicle 
control C3H mice (2/16 [13%]). The authors stated 
that the incidence of hepatomas in treated male 
C3H mice was not different from the incidence of 
spontaneous hepatomas in untreated male C3H 
mice [the incidence of spontaneous hepatomas 
was not reported]. Pulmonary tumours [tumour 
type was not further specified] were present 
in 51/78 (65%) strain A mice injected with tar 
extracts and in 5/10 (50%) untreated control 
strain A mice [not significantly different]. [This 
older study was not adequately designed and 
reported. No detailed information on outdoor 
air pollutants was reported. The Working Group 
noted the old age of the animals at the start of the 
experiment and the short duration of the exper-
iment. The study was judged inadequate for the 
evaluation.]

Hueper et al. (1962) collected atmospheric 
dusts from eight cities in the USA and extracted 
the PM with benzol (benzene). The crude 
benzene extract was further fractionated to 
obtain aromatic, oxygenated, and aliphatic frac-
tions. Groups of 36 male and 36 female C57BL/6 
mice (age, 2  months) were injected subcutane-
ously (nape of the neck) once a month with either 
the crude extract (4 mg in 0.1 mL of tricaprylin) 
or the aromatic fraction obtained from 4 mg of 
crude extract (in 0.1 mL of tricaprylin vehicle). 
[The actual dose (mg) of the aromatic fraction 
was not reported.] These doses were doubled 
after 11  months. The oxygenated (0.5  mg in 
0.1  mL of tricaprylin) and aliphatic (1.0  mg 
in 0.1  mL of ethyl laurate) fractions were also 
administered to groups of 50 C57BL/6 mice [sex 
was not reported] and 50 C3H mice [male] once 
a month by subcutaneous injection. Groups of 
36 male and 36 female control C57BL/6 mice 
were injected subcutaneously with 0.1  mL of 
tricaprylin or ethyl laurate once a month. After 
24  months, all the particulate extracts except 
one caused injection-site tumours (primarily 
sarcomas and fibrosarcomas). Compared with 

C57BL/6 controls, the tumour incidence was 
higher in C57BL/6 mice receiving the crude 
benzene extract (26/576 [4.5%]) [P < 0.05] and the 
aromatic fraction (12/576 [2.1%]) [not significant]. 
Tumour incidences in male and female C57BL/6 
mice (combined) injected with the oxygenated or 
aliphatic fractions were 5/392 (1.3%) and 2/372 
(0.5%), respectively [not significant]. In male and 
female C3H mice (combined), the tumour inci-
dences were 7/392 (1.8%) with the oxygenated 
fraction and 2/372 (0.5%) with the aliphatic frac-
tion. None of the C57BL/6 control mice (0/31) had 
tumours after 12 months. [Tumour incidences in 
mice treated with the oxygenated and aliphatic 
fractions were not statistically different from 
that in controls.] [The experiments were not well 
designed and reported. No detailed information 
on outdoor air pollutants was reported. There 
were no C3H control mice.]

Male and female newborn Swiss ICR/Ha 
mice (105–137 per group) were injected subcu-
taneously (nape of the neck) with benzene-sol-
uble extracts of organic atmospheric particulates 
collected from six cities in the USA (Epstein et al., 
1966). Mice received 5 mg of extract in 0.05 mL 
of tricaprylin on the day of birth, 10 mg in 0.1 mL 
on day 7, and 10 mg in 0.1 mL on day 14 after 
birth. Control mice (n  =  190) were untreated 
(n = 90) or injected with the tricaprylin vehicle 
only (n = 100). The final injection was omitted 
for some animals of two groups because of a 
lack of material; these mice received only 15 mg. 
Mortality before weaning was high (29–61%) in 
all treated groups (16% in controls), and deaths 
after weaning were higher in treated males than 
in controls, due to obstructive uropathy. At age 
50–52 weeks, the overall incidence of hepatomas 
[tumour type was not further specified] in 
treated male mice (37/85 [44%]) was significantly 
greater [P < 0.0001] than that in controls (3/67 
[4%]), but the difference in incidence was not 
statistically significant in female mice. A signifi-
cantly increased overall incidence of pulmonary 
adenoma (multiple) was observed in treated male 
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(49/85 [58%]) [P  <  0.0001] and female (55/143 
[38%) [P < 0.0001] mice relative to controls (male, 
0/67; female, 0/68). In addition, there was a small 
incidence of lymphomas in groups of treated mice 
(up to 18.5%), compared with 0–1.5% in controls. 
[The Working Group noted the short duration 
of the experiment and the high mortality. No 
detailed information on outdoor air pollutants 
was reported.]

In a subsequent study (Epstein et al., 1979), 
atmospheric particulates collected in 1962 from 
several cities in the USA were combined and 
extracted with benzene, and the extracts were 
suspended in tricaprylin (100  mg/mL). Groups 
of pre-weaned male and female Swiss ICR/Ha 
mice were injected subcutaneously (nape of the 
neck) with 10 mg, 10 mg, and 20 mg of extract 
suspension on day 1, 7, and/or 14 after birth, 
respectively. Two control groups were either 
untreated (n  =  90) or were injected subcutane-
ously with tricaprylin vehicle on days 1, 7, and 
14 (n  =  100). The animals were injected using 
various dosing sequences. Total doses were 
1.1–8.3  mg/g bw. The study was terminated at 
49–52 weeks. Mortality ranged from 13% to 61% 
in the various test groups. Groups injected on day 
1 had the highest mortality. In addition, a rela-
tively high mortality was observed in male mice, 
due to non-treatment-related obstructive urop-
athy. The tumour incidences in both sexes were 
dose-related in all test groups. The incidences 
of pulmonary adenoma (single) in all exposed 
groups combined were 58/334 (17%) in male 
mice [not statistically significant] and 39/304 
(13%) in female mice [not statistically signifi-
cant]; corresponding values for control groups 
were 9/76 (12%) in male mice and 4/73 (5%) in 
female mice. There was a significantly increased 
incidence of pulmonary adenoma (multiple) 
in treated male (28/334 [8%]) [P  =  0.0026] and 
female (43/304 [13%]) [P  <  0.0001] mice rela-
tive to controls (male, 0/76; female, 0/73). A 
significantly increased incidence of pulmonary 
adenocarcinoma was observed in treated male 

(18/334 [5%]) [P  =  0.0229] and female (14/304 
[5%]) [P = 0.0463] mice relative to controls (male, 
0/76; female, 0/73). Hepatocellular tumours were 
observed only in male mice and were not dose-re-
lated. The incidence of hepatocellular carcinomas 
and neoplastic nodules (combined) in male mice 
of all exposed groups combined was 26/334 (8%) 
[not statistically significant] and in control male 
mice was 3/76 (4%). [The Working Group noted 
that the study duration was short. The study was 
compromised by the high mortality, due to acute 
toxicity in treated groups and non-treatment-re-
lated uropathy in male mice.]

Rigdon & Neal (1971) collected samples of 
airborne PM near a petrochemical industrial 
area in Texas City, Texas, USA, and from non-in-
dustrial areas at various times between 1965 and 
1969. Benzene-soluble extracts were obtained 
from the samples. Groups of 4–69 CFW white 
Swiss mice (“usually 30 to 50 days old”) [sex was 
not reported] were injected subcutaneously with 
1–20 mg of the various benzene-soluble extracts 
in 0.5  mL of cottonseed oil vehicle. Controls 
(n = 47) were injected with 0.5 mL of cottonseed 
oil vehicle. Animals were kept for up to 1 year and 
were killed when a tumour was observed. After 
injection of industrial-area samples (1–10  mg) 
collected from 1965 to 1968, in mice of pooled 
exposed groups only 4/269 (1.5%) developed fibro-
sarcomas. The incidence was not significantly 
different from that in vehicle controls (0/47). 
Injection of industrial-area samples (2.5–10 mg) 
collected in 1969 resulted in a significantly 
increased [P < 0.0001] incidence of fibrosarcomas 
(pooled exposed groups; 95/232 [41%]) relative to 
that in vehicle controls. Benzene-soluble extracts 
of PM collected from non-industrial areas did not 
cause a statistically significant increase in fibro-
sarcomas (pooled exposed groups; 4/359 [1.1%]). 
[The Working Group noted the short duration of 
the experiment.]

In the study of Asahina et al. (1972), groups of 
44–73 male and female newborn Swiss ICR/Ha 
mice were injected subcutaneously with extracts 
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of particulates collected on air-conditioner filters 
in New York City. Crude benzene extracts of the 
particulates were fractionated into acidic, basic, 
neutral, aliphatic, aromatic, water-ether insol-
uble, and oxygenated (oxyneutral, pentane-9%, 
-12%, or -36% ether) fractions. The extracts and 
fractions were resuspended in tricaprylin at 
concentrations of 25, 50, and 100 mg/mL. Mice 
aged 1, 7, and 14 days were injected with 0.1 mL 
(days 1 and 7) and 0.2  mL (day 14) of suspen-
sion, resulting in total doses of 10, 20, or 40 mg. 
Controls consisted of newborn mice injected 
with tricaprylin (0.1  mL on days 1 and 7 and 
0.2  mL on day 14) (n  =  86) and non-injected 
newborn mice (n = 81). Mice were necropsied at 
age 49–51 weeks. Mortality before weaning was 
high in neonates receiving high doses (40  mg) 
of the benzene-soluble extract (86%), acidic 
fraction (96%), and basic fraction (100%), and 
this precluded determining carcinogenicity 
in these groups. A large number of male mice 
in all groups (25–56%) developed non-treat-
ment-related obstructive uropathy. Because of 
the small number of mice at risk at weaning, the 
numbers of tumour-bearing mice (all organs) 
were combined for all doses in each treatment 
group for purposes of comparison. The number 
of tumour-bearing male mice was significantly 
increased (P < 0.05) in groups injected with the 
basic fraction (13/28, 46.4%) relative to tricaprylin 
controls (5/31, 16.1%). The number of tumour-
bearing female mice was significantly increased 
(P < 0.05) in groups injected with the basic (10/23, 
43.5%), aliphatic (21/66, 31.8%), aromatic (33/81, 
40.7%), and oxyneutral pentane-12% ether (23/65, 
35.4%) fractions relative to tricaprylin controls 
(3/35, 8.6%). Tumours were not observed in any 
of the untreated male control mice. The highest 
incidences of lymphomas in male mice were 
found in the groups treated with the aliphatic, 
aromatic, oxyneutral pentane-9% ether, and 
insoluble fractions (7–13%). In female mice, the 
highest incidences of lymphomas were observed 
in the groups treated with the basic, insoluble, 

aliphatic, aromatic, and oxyneutral fractions 
(12–30%). Lymphomas were found in 1/23 (4%) 
untreated female controls and 2/35 (6%) female 
vehicle controls. A relatively high incidence of 
pulmonary adenoma (single) was found in male 
mice injected with oxyneutral pentane-9% ether 
(10/55, 18%) and female mice injected with the 
neutral fraction (7/53, 13%). Multiple pulmo-
nary adenomas occurred most frequently in 
male and female mice injected with the aromatic 
(9% and 14%, respectively) and the oxyneutral 
pentane-12% ether (7% and 11%, respectively) 
fractions. No multiple adenomas were observed 
in either control group. The highest incidence 
of hepatomas [mainly hepatocellular tumours] 
occurred in male mice injected with the basic 
fraction (12/28, 43%) and the benzene extract 
(9/39, 23%). In controls, only 3/31 vehicle-treated 
male mice developed hepatomas. [The Working 
Group noted the short duration of the experi-
ment and the high mortality.]

Pott et al. (1980) collected airborne PM from 
three urban sites and one rural site in western 
Germany during the winter of 1975–1976. The 
particulates were extracted with benzene and then 
partially fractionated and analysed for benzo[a]
pyrene (B[a]P) and other PAHs. The extracts (in 
0.5 mL of tricaprylin) were injected subcutane-
ously once into groups of 76–80 female NMRI 
mice aged 9–12 weeks at doses containing 0.16, 
0.63, 2.5, or 10 μg of B[a]P per mouse. Controls 
were injected with the tricaprylin vehicle only. 
[The exact number of mice per group was not 
reported.] The animals were observed for up to 
2 years. The percentage of mice with injection-site 
tumours [sarcomas] increased with increasing 
B[a]P content of the injected extract. [Tumour 
incidences were not reported, only percentages.] 
The tumour rate was 1.7% in tricaprylin-in-
jected controls and reached up to 68.3% in mice 
treated with particulate extracts from the rural 
or urban sites. The extracts from the three urban 
sites showed a dose-dependent effect, and they 
showed a higher potency compared with extracts 
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from the rural site on the basis of the same B[a]P 
content. In the same study, a second experiment 
with an almost identical design, using samples 
from three urban sites and two rural sites in 
western Germany, gave similar results (Pott 
et al., 1980; Pott & Stöber, 1983).

Sasaki et al. (1987) collected outdoor air 
particulates from an urban site in Tokyo, Japan. 
The particulates were extracted with a benzene–
ethanol mixture. A portion of the crude extract 
was fractionated into acidic, basic, and neutral 
fractions. Newborn male and female Jcl:ICR 
mice [initial number of mice per group was not 
reported] were injected subcutaneously (nape of 
the neck) with 10 mg of the crude extract or frac-
tion suspended in 0.05 mL of olive oil. Control 
mice were injected subcutaneously with 0.05 mL 
of olive oil. Mortality was high in all groups before 
weaning, particularly in mice that received the 
acidic and basic fractions. Surviving mice (90 
male, 77 female) were killed and necropsied 3, 
6, or 12 months after treatment. Within 1 year 
of treatment with the crude extract, pulmonary 
adenomas were observed in male (3/20, 15%) [not 
statistically significant] and female (1/5, 20%) [not 
statistically significant] mice injected with the 
crude extract, and in male (5/9, 56%) [P = 0.0039] 
and female (2/16, 13%) (P < 0.01) mice injected 
with the neutral fraction. One male mouse and 
one female mouse that received the neutral frac-
tion had multiple pulmonary adenomas. In mice 
injected with the basic fraction, one male mouse 
(1/6, 17%) [not significant] and no female mice 
(0/5) had pulmonary adenoma. No tumours were 
found in mice that received the acidic fraction. 
Pulmonary adenomas were found in one male 
mouse (1/22, 4.5%) and one female mouse (1/17, 
6%) in the vehicle control groups. [The Working 
Group noted the low and variable numbers of 
surviving mice and the short duration of the 
experiment.]

3.3.3 Skin application

Kotin et al. (1954b) collected outdoor air 
particulates in Los Angeles County, USA, in an 
industrial area during the smoggy season, and 
also adjacent to an area of high traffic density 
during the non-smoggy season. Pyrene, B[a]P, 
and 1,12-benzoperylene were detected in both 
particulate samples, and both contained relatively 
low concentrations of B[a]P. The samples were 
extracted with benzene, and both extracts were 
resuspended in benzene. Groups of 76 C57BL/6 
mice (age, 3 months) [the exact numbers of male 
and female mice were not reported] were treated 
by skin application (interscapular area) 3 times 
a week with the extracts [dose was not reported] 
in approximately 0.5 mL of benzene. A control 
group of 69 C57BL/6 mice received skin appli-
cations of benzene. At the time of appearance of 
the first tumour (~15 months after treatment), 31 
treated (pooled exposed groups) and 37 control 
mice were alive. Of the 31 treated mice, 13 (42%) 
[P < 0.0001] developed skin papillomas, 9 of which 
also bore squamous carcinomas [P < 0.001]. No 
skin tumours were observed in controls. [The 
Working Group noted that the study was incom-
plete. This appears to be an interim report because 
the authors state that “this 42% figure of positive 
tumour production is subject to upward revision 
in view of the possibility of tumour demonstra-
tion in nine remaining mice.” An unspecified 
number of mice died early due to toxicity and 
intercurrent infection.]

Groups of 1–6 male and female CBA, 
C57BL/Gr, A/Grf, or C57BL/How mice (age, 
2.5–9.5  months) were treated by skin applica-
tion with one of three fractions (A, B, C) of an 
extract of smoke from chimneys diluted to 1% 
in benzene (Clemo et al., 1955). [The Working 
Group assumed that particles were mainly from 
emissions from combustion of coal.] Fractions 
were applied to the interscapular region 3 times 
a week, using two strokes of a No. 4 brush, for up 
to 13.5 months, or until malignant skin tumours 
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appeared or the animal died. Control mice (21 of 
various strains, both sexes) received the benzene 
vehicle only. For each fraction, groups of male 
and female mice of all strains were pooled. A 
significantly increased incidence of lung nodules 
[not further described] was observed in mice 
treated with fraction A (5/14, 36%) [P = 0.0278] 
and fraction B (6/15, 40%) [P = 0.013] relative to 
controls (1/21, 5%). In mice treated with fraction 
C, lung nodules [not further described] were 
observed in only 1/16 (6%) mice [not significant]. 
Skin papillomas were observed in 9/15 (60%) 
[P  =  0.0008] mice treated with fraction B and 
5/16 (33%) [P = 0.01] mice treated with fraction 
C. Skin epitheliomas were observed in 5/15 (33%) 
[P = 0.008] mice treated with fraction B and 6/16 
(38%) [P = 0.0034] mice treated with fraction C. 
Female A/Grf mice treated with fraction C were 
too old when the treatment started, and they 
survived only to 6.5–7.5 months of treatment. Of 
the C57BL/Gr mice treated with fraction C, all 
(6/6) developed skin epitheliomas and 5/6 devel-
oped skin papillomas. Of the 14 mice treated with 
fraction A, none survived more than 9.5 months 
of treatment, and no skin tumours were observed. 
Control mice did not develop skin tumours 
(0/21). [The Working Group judged this study 
inadequate due to several major design flaws, 
including the use of old mice of mixed strains.]

PM from outdoor air was collected in Beijing, 
Taiyuan, and Xuanwei (China) in winter using a 
multistage Andersen air sampler. Particle samples 
were separated into two fractions (≥ 3.3 µm and 
< 3.3 µm in diameter). Dichloromethane extracts 
of these particles were tested for skin tumour-in-
itiating ability in a two-stage carcinogenesis 
assay (Guan et al., 1990). Female Kunming mice 
were treated with 5  mg of particle extracts (in 
acetone) by skin application once (5 mg group) 
or twice (10 mg group; 5 mg applied also on the 
second day). From the second week, mice were 
treated with 2.0  µg of the tumour promoter 
12-O-tetradecanoylphorbol-13-acetate (TPA) 
twice a week for 26 weeks and observed for skin 

tumour development until experimental week 
28. After 28  weeks, the extracts of outdoor air 
samples from Beijing with particles ≥  3.3  µm 
induced skin papillomas with an incidence of 
4/19 [not significant] in the 5 mg group, whereas 
the extracts with particles < 3.3 µm induced skin 
papillomas with an incidence of 16/40 [P = 0.015] 
in the 5  mg group and 20/36 [P  <  0.0001] in 
the 10  mg group. Similarly, the extracts of 
outdoor air samples from Taiyuan with parti-
cles ≥ 3.3 µm induced skin papillomas with an 
incidence of 9/30 [P < 0.0431] in the 5 mg group, 
whereas the extracts with particles <  3.3  µm 
induced skin papillomas with an incidence of 
25/39 [P < 0.0001] in the 5 mg group and 22/39 
[P < 0.0001] in the 10 mg group. The extracts of 
outdoor air samples from Xuanwei with parti-
cles ≥  3.3  µm induced skin papillomas with 
an incidence of 17/36 [P = 0.0005] in the 5 mg 
group and 24/39 [P < 0.0001] in the 10 mg group, 
whereas the extracts with particles <  3.3  μm 
induced skin papillomas with an incidence of 
25/39 [P < 0.0001] in the 5 mg group and 26/39 
[P < 0.0001] in the 10 mg group. The incidence of 
skin papilloma in the control group treated with 
acetone plus TPA was 4/38. For all three loca-
tions, the first skin papilloma was observed at 
10 weeks for particles < 3.3 µm.

In a 24-month study, Hueper et al. (1962) 
collected atmospheric dusts from eight cities in 
the USA and extracted the PM with benzene. 
The crude benzene extract was further fraction-
ated to obtain oxygenated and aliphatic frac-
tions. Groups of male and female C57BL/6 mice 
and C3H mice received skin applications of the 
oxygenated or aliphatic fractions. [The limited 
reporting and poor design of the study, the weak 
response, and the lack of vehicle controls rendered 
this study inadequate for the evaluation.]

Groups of 20 male and 20 female BALB/c 
mice (age, 7–9  weeks) received skin applica-
tions of dichloromethane extracts of outdoor air 
particulates in 0.2 mL of acetone from four sites 
in Shanghai (samples A, E, I, or K) at a single 
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dose of 5  mg or at a dose of 2  mg per day for 
5 days (cumulative dose of 10 mg) (Zhao et al., 
2003). Vehicle control mice received 0.2  mL of 
acetone. From 1 week after initiation, the tumour 
promoter TPA was applied topically at 2  µg in 
0.2 mL of acetone per mouse, twice a week for 
30  weeks. None of the extracts produced skin 
cancers; however, all extracts initiated skin 
papillomas in 5% (1/20) to 17% (3/18) of male 
mice at the cumulative dose of 10  mg. Sample 
E initiated papillomas in male and female mice 
at all doses. Only sample E induced skin papil-
lomas in female mice (1/20). The incidence of 
skin papillomas in male mice at the cumulative 
dose of 10 mg was significantly increased [9/75, 
P = 0.0179] compared with male controls (0/40). 
No skin papillomas were observed in female 
controls (0/40).

Matsumoto et al. (2007) investigated the role 
of aryl hydrocarbon receptor (AhR) signalling 
on carcinogenicity of airborne PM. Groups of 
17 female [Sv/129] AhR+/+ (wild-type) and 15 
female [Sv/129] AhR−/− (knockout) mice (age, 
6–8 weeks) were treated with extracts of outdoor 
air particulates (from the city of Sapporo, Japan) 
by skin application. Extracts were shown to 
contain B[a]P and other PAHs. [The Working 
Group noted that the samples were stored from 
1988 to 2007.] Mice received skin applications of 
extract (6.4 mg in 200 μL of acetone) once a week 
until a skin tumour appeared, and mice were 
necropsied after experimental week 58. In AhR+/+ 
mice, the first tumour appeared after 29 weeks of 
treatment, and after 58 weeks, 8/17 (47%) AhR+/+ 
mice bore squamous cell carcinomas. No skin 
tumours developed in AhR−/− mice (0/15). The 
difference in skin tumour incidence between 
AhR+/+ and AhR−/− mice was significant (P < 0.01). 
[The Working Group noted the lack of clean air 
control groups.]

3.3.4 Intravenous injection

Leiter et al. (1942) collected PM from 
outdoor air at six sites in the USA: in Chelsea, 
Massachusetts, in Pittsburgh, Pennsylvania, and 
at four sites in a road tunnel that connects New 
York City and Jersey City. Groups of 20–30 strain 
A mice (age, 2–3 months) [sex was not reported] 
were injected intravenously (tail vein) with the 
unextracted dusts suspended in saline (2.5  mg 
in 0.25 mL). Control mice were untreated. Four 
months after treatment, the incidence of pulmo-
nary tumours in all dust-treated mice (15/138, 
11%) [groups of treated mice were combined] 
was not increased compared with controls (3/20, 
15%). [The methods and results of this older 
study were poorly reported. The study duration 
was short. No detailed information on outdoor 
air pollutants was reported.]

3.3.5 Intraperitoneal injection

Heussen et al. (1996) evaluated the carcino-
genicity of outdoor air particulates collected over 
2 years at a non-industrial site (Wageningen, The 
Netherlands). The particulates were extracted 
with benzene, benzene was removed by evapora-
tion, and the extract was suspended in propylene 
glycol. Male newborn NMRI mice were injected 
intraperitoneally on days 1 (5  µL), 8 (10  µL), 
and 15 (20 µL) after birth with propylene glycol 
vehicle (n = 52), 1.95 mg of extract (n = 49), or 
3.9 mg of extract (n = 47). No deaths occurred 
before weaning. [There was no significant differ-
ence in mortality between groups.] Mice were 
necropsied at experimental week 52, and lungs 
and liver were examined for tumours. Incidences 
of bronchioloalveolar tumours in mice treated 
with 3.9 mg of extract (17/47, 36.2%) and 1.95 mg 
of extract (10/49, 20.4%) were not significantly 
different from the incidence in vehicle controls 
(16/52, 30.8%). [The Working Group noted the 
short duration of the study. No detailed infor-
mation on outdoor air pollutants was reported.]
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4.1 Toxicokinetic data

4.1.1 Introduction

The toxicokinetics of many of the major 
classes of compounds and industrial processes 
that contribute to outdoor air pollution have been 
described in previous IARC Monograph Volumes: 
carbon black, titanium dioxide, and talc (Volume 
93; IARC, 2010a); household use of solid fuels 
and high-temperature frying (Volume 95; IARC, 
2010b); non-heterocyclic polycyclic aromatic 
hydrocarbons (PAHs) (Volume 92; IARC, 2010c); 
diesel and gasoline engine exhausts (Volume 105; 
IARC, 2013); silica dust and asbestos (Volume 
100C; IARC, 2012a); and benzene, butadiene, 
formaldehyde, coke production, iron and steel 
founding, and coal gasification (Volume 100F; 
IARC, 2012b).

4.1.2 Particulate matter

Some atmospheric particles are poorly soluble 
in water. As a consequence, after inhalation and 
deposition, they may remain present as partic-
ulate matter (PM) in the respiratory tract, and 
produce effects associated with particle toxicity.

The toxicokinetics, including deposition, 
clearance, and retention of poorly soluble parti-
cles and fibres, are discussed below for both 
humans and laboratory animals.

The deposition of particles within a region of 
the respiratory tract depends on the characteris-
tics and physical factors that influence transport 

in the airways (e.g. air velocity and airway struc-
ture). The primary mechanisms for deposition 
of particles in the respiratory tract are sedimen-
tation, impaction, and diffusion. Deposition by 
sedimentation and impaction depends on the 
aerodynamic diameter of the particle, whereas 
deposition by diffusion depends on the thermo-
dynamic diameter of the particle (ICRP, 1994).

After inhalation, particles may either deposit 
in the extra-thoracic, tracheobronchial, or 
pulmonary/alveolar airways or remain in the 
airstream and be eliminated through exhalation. 
The deposition of particles in the respiratory 
tract depends primarily on the size of the inhaled 
particle, the route of breathing (i.e. through the 
nose and/or mouth), and the breathing pattern 
(i.e. volume and frequency). Particles of about 
0.3  µm in diameter have minimal mobility in 
air; they are large enough that their diffusive 
mobility is minimal but are small enough that 
their sedimentation and impaction are also 
minimal. As a consequence, particles in this 
size range also have minimal deposition in the 
lung. In general, the deposition fraction for 
humans for most particle sizes smaller than 
3–4  µm (aerodynamic diameter) is greater for 
the alveolar region than for the tracheobronchial 
airways. The deposition fraction decreases in the 
alveolar region for particles larger than 3–4 µm 
and smaller than 0.01 µm due to their removal in 
the extra-thoracic airways (particularly during 
nasal breathing) and tracheobronchial airways 
(NCRP, 1997; Maynard & Kuempel, 2005).

4. MECHANISTIC AND OTHER  
RELEVANT DATA
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A few studies with human volunteers are 
available on the kinetics of clearance and reten-
tion of inhaled particles in the respiratory tract. 
Retention is determined by the balance between 
the rate of deposition and the rate of clearance. 
Particles that deposit in the tracheobronchial 
region are cleared by mucociliary clearance, 
which is relatively rapid (retention half-times 
of ~24–48  hours) (Oberdörster, 1988; ICRP, 
1994), although some fraction of the parti-
cles that deposit in the airways is cleared more 
slowly than expected (Stahlhofen et al., 1995). 
For particles that deposit in the alveolar region, 
the primary mechanism of clearance is phago-
cytosis by alveolar macrophages, followed by 
migration of the macrophages to the terminal 
bronchioles and subsequent mucociliary clear-
ance; the particles are eventually swallowed or 
expectorated. Particles that are cleared via the 
mucociliary escalator, whether from the tracheo-
bronchial region or the alveolar region, and then 
swallowed will pass through the gastrointestinal 
tract and are subsequently cleared via the gut 
(Oberdörster, 1988; ICRP, 1994). Poorly soluble 
particles that deposit in the alveolar region are 
associated with a slow clearance phase (retention 
half-times of months to years in humans) (Bailey 
et al., 1985; Freedman & Robinson, 1988; ICRP, 
1994). Translocation of particles to the interstitial 
region (interstitium) further increases the reten-
tion time of particles in the lungs (Oberdörster, 
1988; Freedman & Robinson, 1988; ICRP, 1994). 
Some fractions of particles that deposit in the 
alveolar region may also be translocated to the 
lung-associated lymph nodes. Translocation may 
occur by transepithelial migration of alveolar 
macrophages after phagocytosis of the particle, 
or by translocation of free particles to the inter-
stitium, where they may be phagocytosed by 
interstitial macrophages. Inflammation may alter 
mucociliary clearance, phagocytosis by alveolar 
macrophages, and the uptake and transport of 
particles to and through the respiratory epithe-
lium (Oberdörster, 1988; ICRP, 1994).

The deposition and clearance of particles vary 
among individuals for several reasons, including 
age, sex, tobacco smoking status, and health 
status. Pre-existing lung diseases or conditions 
such as asthma or chronic obstructive pulmo-
nary disease (COPD) can influence the efficiency 
and pattern of deposition within the respiratory 
tract. Deposition also depends on the level of 
activity and breathing patterns. Deposition and 
retention determine the initial and retained dose 
of particles in each region and may therefore 
influence the risk of developing diseases specific 
to those respiratory tract regions (Oberdörster, 
1988; ICRP, 1994). Particles that are retained in 
the respiratory tract can lead to inflammation 
and oxidative stress (see Section 4.3.1).

4.1.3 Organic molecules

A detailed overview of the toxicokinetics 
of selected organic compounds is available in 
earlier Monographs: PAHs (IARC, 2010c), form-
aldehyde (IARC, 1982, 2006, 2012b), nitroarenes 
(IARC, 1984, 1989, 2013), and benzene (IARC, 
1982, 2012b).

4.1.4 Inorganic gases

(a) Ozone

Ozone is a highly reactive gas, poorly soluble 
in water. The uptake and fate of ozone in the 
respiratory tract of humans and animals has been 
modelled by Miller (1995), Miller et al. (1985), 
Mercer & Crapo (1989), Pinkerton et al. (1992), 
and Pinkerton et al. (1995). Inhaled ozone can 
reach the major regions of the respiratory tract 
(extra-thoracic, tracheobronchial, and alveolar) 
and be absorbed there. Modelling based on the 
reactivity of ozone and its low solubility predicts 
that tissue doses will be low in the trachea, 
increase to a maximum in the terminal bronchi-
oles, and decrease with further digital progres-
sion. Ozone can produce oxidative stress (see 
Section 4.3.1).
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(b) Sulfur dioxide

Sulfur dioxide (SO2) is a highly reactive, 
water-soluble gas and therefore is almost 
completely absorbed in the nasal passages of 
individuals at rest (IARC, 1992). With exercise, 
the pattern of SO2 absorption shifts from the 
upper airways to the tracheobronchial airways in 
conjunction with a shift from nasal to oronasal 
breathing and increased ventilatory rates (EPA, 
2006; Brain, 1970; Melville, 1970; Nodelman 
& Ultman, 1999). Similarly to ozone, the nasal 
passages remove SO2 more efficiently than the 
oral pathway does.

(c) Nitrogen dioxide

Nitrogen dioxide (NO2) is a reactive gas that 
is absorbed mainly in the upper respiratory tract, 
particularly the nasal passages, in individuals at 
rest. Exercise causes a shift from nasal to oronasal 
breathing and, because NO2 is absorbed in the 
oral cavity less than in the nasal passages, more of 
the inhaled NO2 reaches the pulmonary region, 
where the NO2 is rapidly absorbed. Studies by 
Postlethwait and colleagues (Postlethwait et al., 
1995, 1991; Postlethwait & Bidani, 1990) indicate 
that NO2 absorption in the pulmonary region is 
due not to its solubility in the epithelial lining 
fluid of the lung but rather to interaction with 
constituents in this fluid, such as glutathione 
and ascorbic acid, in reactions mediated by free 
radicals. This may lead to oxidative stress (see 
Section 4.3.1).

4.1.5 Metals, inorganic dusts, and organic 
dusts

Outdoor air may contain different types 
of fibres and particles (e.g. asbestos and silica), 
dusts (e.g. wood dust), and various metals (e.g. 
beryllium, cadmium, chromium, nickel, and 
arsenic), including those reviewed in previous 
Monographs and classified as Group 1 human 
carcinogens (IARC, 2012a).

The presence of transition metals in outdoor 
air pollution may lead to the formation of reactive 
oxygen species (ROS), which can cause oxidative 
damage to DNA in the Fenton reaction. This 
comprises the reduction of hydrogen peroxide by 
a transition metal ion, resulting in the formation 
of the reactive hydroxyl radical and the oxidized 
metal ion. Transition-metal ions such as those 
of iron, copper, chromium, and nickel donate or 
accept free electrons via intracellular reactions 
and help in creating free radicals.

DNA is a target for metal ions due to its 
electron-rich structure, which offers ligands 
and complexation sites for positively charged 
metal ions. Ions such as copper(II) and iron(II) 
are able to interact with DNA in between the 
bases, and nickel(II) forms a complex with the 
phosphate backbone (Eichhorn & Shin, 1968), 
whereas chromium(III) ions are able to form 
stable adducts with DNA (Bridgewater et al., 
1994). Cells treated with some metal ions under 
Fenton reaction conditions show enhanced 
levels of certain types of DNA damage (Imlay 
et al., 1988). Oxidized lesions in the form of 
DNA strand breaks and base modifications 
such as 8-oxo-7,8-dihydro-2′-deoxyguanosine 
(8-oxodG) have been observed after exposure of 
DNA to the Fenton reaction involving copper 
(Toyokuni & Sagripanti, 1994), iron (Toyokuni & 
Sagripanti, 1992), nickel (Kawanishi et al., 1989), 
and chromium ions (Tsou et al., 1996).

4.2 Genetic and related effects

Outdoor air is a complex aerosol composed 
of gases (nitrogen, oxygen, carbon dioxide 
[CO2], ozone, NO2, SO2, etc.), water vapour, PM 
(including both organic and inorganic PM), vola-
tile organic compounds (VOCs), and semivolatile 
organic compounds (SVOCs). The complex phys-
ical–chemical characteristics of the outdoor air 
matrix, combined with its spatial and temporal 
heterogeneity, complicate assessment of genetic 
and related effects in human and experimental 
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systems. Experimental installations (e.g. expo-
sure chambers) have been used to expose human 
subjects to components of outdoor air such as 
fine PM (Brook et al., 2002); however, there are 
only few such assessments of genotoxic effects 
in experimentally exposed humans (Vinzents 
et al., 2005; Bräuner et al., 2007). Importantly, 
human studies have monitored genetic and 
related effects in individuals exposed to outdoor 
air under specific circumstances (e.g. outdoor 
occupational exposures); the results obtained 
are generally compared with effectively matched 
controls. [The Working Group noted that 
although examinations of exposures to outdoor 
air pollution in selected occupations (e.g. filling 
station attendants, bus drivers, airport tarmac 
workers) are relevant for hazard identification, 
the exposures may not be representative, in terms 
of both compositions and level, of exposures in 
the general population.]

Similarly, a wide range of studies have used 
in situ exposures, including of rodents, birds, 
and plants (e.g. Tradescantia sp.), to assess the 
genetic and related effects of outdoor air. For in 
situ studies, exposure is quantified as the dura-
tion of time spent at the location of interest. Most 
published research on genetic and related effects 
induced by outdoor air used in vitro systems, 
primary human and animal cells, established 
human and animal cell lines, yeast, and bacteria, 
as well as naked DNA in solution. These in vitro 
assessments involved exposures of cultured cells, 
DNA, or 2′-deoxynucleotides to PM suspensions, 
extracts of PM, or concentrates of SVOCs.

4.2.1 Mutagenicity

(a) Humans – in vivo studies

In a cross-sectional study of 67 mothers and 64 
newborns from the Cracow region of Poland, Perera 
et al. (2002) found that the frequency of aromatic 
DNA adducts measured by 32P-postlabelling was 
positively associated with the hypoxanthine–
guanine phosphoribosyltransferase (HPRT) 

mutant frequency in the cord blood of newborns 
(P  =  0.03) after controlling for exposure to 
smoking, diet, and socioeconomic status. There 
was no significant association between muta-
tion and DNA damage in the peripheral blood 
lymphocytes of the mothers. This study demon-
strated a molecular linkage between somatic-cell 
mutation in the newborn and transplacental 
exposure to air pollutants.

In Denmark, a strategic environmental health 
programme, including studies of exposures and 
biomarkers related to traffic-generated air pollu-
tion, was carried out in the late 1990s. Mutagenic 
activity in urine was measured as biomarker of 
exposure in non-smoking bus drivers in city and 
rural areas on a work day and a day off and in 
non-smoking mail carriers working outdoors (on 
the streets) and indoors (in the office). Urinary 
mutagenic activity was assessed by the Ames 
assay with Salmonella tester strain YG1021 and 
with the addition of S9 mix (exogenous meta-
bolic activation system). Bus drivers had higher 
mutagenic activity in urine than mail carriers 
did; the individual levels of urinary mutagenic 
activity were not correlated with excretion of 
the biomarker of exposure, 1-hydroxypyrene 
(1-OHP). Among bus drivers, N-acetyltransferase 
2 (NAT2) fast acetylators had higher mutagenic 
activity in urine than NAT2 slow acetylators did, 
and female bus drivers had higher mutagenic 
activity than male bus drivers did (Hansen et al., 
2004).

(b) Experimental systems

(i) In vivo studies

Animals
The Working Group did not identify any 

publications that assessed the induction of 
mutations in experimental animals (e.g. rodents) 
experimentally exposed to outdoor air or 
samples derived from outdoor air. However, as 
summarized in Supplemental Table  S24 (avail-
able online), Yauk & Quinn (1996) and Yauk 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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et al. (2000) used multilocus DNA fingerprinting 
and pedigree analyses to assess the frequency 
of heritable genetic minisatellite mutations in 
herring gulls (Larus argentatus) collected from 
several locations affected by urban and/or indus-
trial activities. The results obtained showed a 
significant > 2-fold increase in mutation rate at 
industrial sites compared with rural controls 
and, moreover, decreasing mutation rates with 
increasing distance from the highlighted indus-
trial sources.

The follow-up studies used modified animal 
enclosures to expose mice to outdoor air in situ 
at selected urban/industrial locations (Somers 
et al., 2002, 2004; Yauk et al., 2008). Results 
were compared with matched exposures at rural 
control sites. This strategy offers the distinct 
advantage of real outdoor air exposures under 
semi-controlled conditions (e.g. animal housing 
and food); however, it is generally not possible to 
reliably estimate the actual dose (i.e. milligrams 
of PM or cubic metres of air per kilogram body 
weight [bw] per day). These studies have shown 
an increase in induced heritable mutations at 
expanded simple tandem repeat (ESTR) loci. 
High-efficiency particulate air (HEPA) filtration 
of outdoor air reduced heritable mutation rates 
(Somers et al., 2004; Yauk et al., 2008) (see also 
Section 4.3.3b for genotoxic effects on germ cells).

Plants
Studies in plants (see Supplemental Table S1, 

available online) assessed the ability of outdoor 
air or samples derived from outdoor air to induce 
genetic mutations or chromosomal damage. For 
instance, studies by Ferreira et al. (2000, 2003, 
2007) reported the mutagenic activity of outdoor 
air at selected locations in or near the São Paulo 
(Brazil) metropolitan area.

(ii) In vitro studies
Table 4.1 provides a summary of studies that 

have used in vitro assays to assess the ability of 
outdoor air or samples derived from outdoor air 
to induce genetic mutations or gene conversion.

Human cells
Eight studies used human h1A1v2 cells to 

assess the induction of mutations at the thymi-
dine kinase TK+/− locus (Hannigan et al., 1997, 
1998, 2005; Durant et al., 1998; Pedersen et al., 
1999, 2004, 2005; Adonis & Gil, 2000).

The results showed that the mutagenic potency 
of PM extracts for urban sites expressed per unit 
of equivalent organic carbon (EOC) are generally 
less than 2-fold greater than values obtained for 
rural (control) sites (Hannigan et al., 1997, 2005; 
Pedersen et al., 1999, 2004, 2005). However, when 
expressed per equivalent cubic metre of outdoor 
air, the potency values for urban sites were 3–10-
fold higher than those for rural sites.

Detailed source apportionment revealed that 
diesel and natural gas combustion emissions 
make a large contribution to the mutagenic 
activity of outdoor air PM (Hannigan et al., 1997, 
2005). In addition, detailed extract fractionation 
revealed that polar, semipolar (e.g. nitro-PAHs, 
ketones, and quinones), and non-polar (e.g. 
PAHs) extract fractions can each account for a 
substantial portion of the observed mutagenic 
activity per unit of EOC. For example, in their 
analysis of organic extracts of standard reference 
mixture (SRM) 1649, Durant et al. (1998) noted 
that semipolar and non-polar extract fractions 
accounted for 70% of the mutagenic activity. In 
their analyses of samples collected in southern 
California, Hannigan et al. (1998) noted that 
aromatic substances can account for more than 
50% of extract mutagenic activity. In their analyses 
of sites in the north-eastern USA, Pedersen et al. 
(2004) noted that moderate-molecular-weight 
PAHs can account for 4–38% of observed muta-
genic activity and that polar compounds (e.g. 
organic acids and hydroxy-polycyclic aromatic 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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compounds [hydroxy-PACs]) can account for 
14–32% of the observed mutagenic activity. 
Pedersen et al. (1999, 2005) noted that mutagenic 
activity per cubic metre is approximately 2-fold 
higher in the winter relative to the summer across 
all sites investigated.

Adonis & Gil (2000) used the TK+/− locus 
mutation assay in h1A1v2 cells to assess the 
mutagenic activity of an organic extract of PM 
collected from an urban, heavy-traffic site in 
Santiago, Chile. The reported mutagenic potency 
(expressed per cubic metre equivalent per assay 
millilitre) is more than 400-fold greater than 
that observed in Los Angeles (i.e. Hannigan 
et al., 1997, 1998, 2005). Comparisons based on 
potency expressed per unit of EOC revealed that 
extracts of PM from Santiago are approximately 
2-fold more potent than extracts of PM from Los 
Angeles.

Animal cells
Several studies have demonstrated that 

organic extracts of outdoor air PM can induce 
significant dose-dependent increases in mutant 
frequency in cultured non-human mamma-
lian cells. For instance, studies by Seemayer 
et al. (1987a, 1988) revealed that extracts of PM 
collected from the industrialized Rhine–Ruhr 
region in Germany induced a significant increase 
in Hprt mutant frequency. Similarly, Courtois 
et al. (1988) noted that organic extracts of PM 
collected from an urban location in Paris, France, 
induced a significant dose-dependent increase in 
Hprt mutant frequency. Source apportionment 
revealed noteworthy contributions by natural 
gas and diesel combustion emissions, and extract 
fractionation revealed substantial contributions 
from each of several chemical classes, including 
non-polar compounds (e.g. PAHs), semipolar 
compounds (e.g. nitro-PAHs and quinones), 
and polar compounds (e.g. organic acids and 
hydroxy-PACs).

(c) Yeast

Some extracts of outdoor air PM can induce 
point mutations, gene conversion, and mito-
chondrial mutations in yeast (see Supplemental 
Table  S2, available online). In autumn and 
winter samples from 1993–1994, point mutation 
frequencies were increased more than 10-fold 
compared with untreated controls. Rossi et al. 
(1995) noted high variability across season and 
year, with no evidence of temporal decline 
between 1990 and 1994. Buschini et al. (2001) 
noted that toluene extracts were more mutagenic 
than acetone extracts and that smaller-sized PM 
(i.e. PM with particles of aerodynamic diameter 
<  2.5  μm [PM2.5]) was frequently more muta-
genic per microgram of PM equivalent than PM 
with particles of aerodynamic diameter < 10 μm 
(PM10). A similar study by Bronzetti et al. (1997) 
revealed that organic extracts of PM collected 
from a high-traffic site in Pisa, Italy, elicited 
significant increases in gene conversions and 
point mutations per cubic metre in the presence 
of exogenous metabolic activation.

(d) Bacteria

More than 250 scientific publications 
addressed bacterial mutagenicity assays of 
outdoor air or samples derived from outdoor 
air (in North America, South America, Europe, 
Asia, or Oceania) (see Supplemental Tables S3–
S9; Supplemental Figures  S1 and S2, available 
online). These studies analysed organic extracts 
of airborne PM and/or concentrates of SVOCs 
collected on adsorbents. Several studies have 
shown that a modification of the pre-incuba-
tion assay known as the microsuspension assay 
provides enhanced sensitivity to combustion 
emissions such as those present in urban air PM 
(Kado et al., 1983, 1986; Agurell & Stensman, 
1992).

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Figures.pdf
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Identification of putative mutagens
Bagley et al. (1992) and Gundel et al. (1993) 

noted substantial declines in mutagenic activity 
in TA98 strains deficient in nitroreductase (NR) 
(TA98NR). The results indicated a strong involve-
ment of nitro-PAHs, in particular compounds 
such as the dinitropyrenes.

Many studies of organic extracts of PM from 
urban areas compared mutagenic potencies in 
the absence of S9 between TA98 and TA98NR 
to infer the involvement of nitroarenes in the 
observed responses. For example, analyses of 
extracts of PM collected in France, Japan, the 
Netherlands, and Sweden recorded a marked 
reduction in mutagenic activity in TA98NR 
without S9 relative to TA98 (Festy et al., 1984; 
de Raat & de Meijere, 1988; Takagi et al., 1992; 
Strandell et al., 1994).

A wide range of studies used the NR-deficient 
and O-acetyltransferase (OAT)-deficient versions 
of TA98 to examine the influence of nitroarenes 
in determining the mutagenic activity of organic 
PM extracts. These studies collectively examined 
extracts of PM collected from a wide variety 
of urban and/or industrial locations in Chile, 
Germany, Italy, Japan, Mexico, Norway, Spain, 
Sweden, and the USA (Alfheim et al., 1983; 
Tokiwa et al., 1983; Löfroth et al., 1985; Moriske 
et al., 1985; Wolff et al., 1986; Crebelli, 1989; De 
Flora et al., 1989; Takagi et al., 1992; Adonis & 
Gil, 1993, Espinosa-Aguirre et al., 1993; Gundel 
et al., 1993; Strandell et al., 1994; Casellas et al., 
1995; Sato et al., 1995). Some of these studies 
noted dramatic reductions in mutagenic activity 
in the NR-deficient strain TA98NR relative to 
TA98. Some studies have noted that the relative 
decline in mutagenic potency of air samples in 
strain TA98NR relative to TA98 is seasonally 
variable (Erdinger et al., 2005).

Similarly, numerous studies have used 
metabolically enhanced Salmonella strains 
such as YG1021 (NR-enhanced) and YG1024 
(OAT-enhanced) for comparative assessment of 

PM extracts. For example, studies of extracts 
of PM collected from urban and/or industrial 
areas in Brazil, Italy, Japan, Mexico, and Poland 
noted substantial increases in mutagenic activity 
in strains YG1021 and/or YG1024 without S9 
(Espinosa-Aguirre et al., 1993; Yamaguchi et al., 
1994; Jadczyk & Kucharczyk, 2005; Pereira et al., 
2010; Traversi et al., 2011; Lemos et al., 2012). These 
studies frequently found that OAT enhancement 
contributed to larger relative increases in potency 
(without S9) compared with NR enhancement. 
For example, Yamaguchi et al. (1994) observed 
3–4-fold increases in potency in YG1021 and 
5–10-fold increases in potency in YG1024 for 
extracts of PM collected from a high-traffic site 
in Kobe, Japan.

In addition, numerous studies have used 
the TA98-derived frameshift strain YG1041, 
which overexpresses both NR and OAT, for 
analyses of extracts of PM from diverse regions 
(e.g. Brazil, the Czech Republic, Denmark, and 
Poland) (Binková et al., 2003; Sharma et al., 2007; 
Umbuzeiro et al., 2008; Piekarska et al., 2009). 
For example, Umbuzeiro et al. (2008) reported 
dramatic (> 30-fold) increases in the mutagenic 
activity in YG1041 relative to TA98 without S9 
of organic extracts of PM collected from urban 
locations in São Paulo, Brazil. Extract fraction-
ation confirmed that the highest activity in 
YG1041 without S9 was associated with nitro-
PAHs. This study also indicated more modest, 
but nevertheless substantial, increases in muta-
genic activity in OAT-enhanced strains in the 
presence of S9. This pattern of activity is thought 
to be associated with aromatic amines, including 
N-heterocyclics, as well as polar mutagens that, 
to date, have not been well characterized (e.g. 
oxy-PAHs) (Umbuzeiro et al., 2008).

Mutagenic potential and particle size
Studies from several geographical regions 

reported that the mutagenic activity of PM2.5 
extracts was greater per unit of extractable 
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organic matter (EOM) or per milligram of PM 
than that of PM10.

Several studies have documented a noteworthy 
increase in potency with decreasing particle size. 
For instance, Kawanaka et al. (2004) found that 
approximately 90% of the mutagenic activity 
associated with extracts of PM collected in the 
Tokyo, Japan, area was associated with fine parti-
cles. In addition, studies that examined extracts 
of PM from Germany (Massolo et al., 2002) and 
Italy (Pagano et al., 1996; Monarca et al., 1997) 
specifically reported enhanced potency for the 
fine (< 1.5 µm) and/or ultrafine (< 0.5 µm) PM 
fractions. Nonetheless, small PM size fractions 
make relatively small contributions to atmos-
pheric mutagenic activity per cubic metre due to 
low atmospheric levels (i.e. mass concentration) 
of fine and ultrafine PM per cubic metre.

Mutagenic potential of semivolatile organic 
compounds

In addition to detailed analyses of PM 
extracts, several studies also evaluated extracted 
SVOCs. For example, the study by Ciganek et al. 
(2004), which examined both PM and extracts 
from urban sites in Brno, Czech Republic, noted 
that extracts accounted for 15–40% of the total 
mutagenic activity.

Several studies have indicated that the simi-
larities and differences between SVOC concen-
trates and PM extracts are affected by season, 
ambient temperature, adsorbent type, and the 
presence of S9. For example, in their study of 
samples collected in the Flanders region of 
Belgium, Du Four et al. (2004) observed that 
polyurethane foam extracts were more potent 
per microgram of EOM in the summer, whereas 
PM extracts were more potent in the winter. In 
contrast, Tuominen et al. (1988) noted that XAD 
extracts from samples collected in Helsinki, 
Finland, during the winter were generally more 
potent than PM extracts, with no appreciable 
difference between XAD and PM extracts from 
samples collected during the summer.

Spatial and temporal patterns in atmospheric 
mutagenic activity

Many studies reported markedly higher 
mutagenic potencies per cubic metre of air for 
extracts of PM collected during the colder months 
(winter and autumn) compared with those 
from the warmer months (spring and summer). 
Numerous studies conducted in Asia compared 
extracts of PM samples collected during different 
seasons and observed that winter and/or autumn 
samples were markedly more mutagenic than 
samples collected in spring and/or summer (e.g. 
Goto et al., 1982; Shimizu et al., 1982; Takagi 
et al., 1992; Qian et al., 1997; Qian & Zhang, 
1997; Vinitketkumnuen et al., 2002). Similarly, 
studies conducted in European countries found 
comparable elevations in potency during colder 
months (Møller & Alfheim, 1980; Wullenweber 
et al., 1982; Alfheim et al., 1983; Athanasiou et al., 
1986; Morozzi et al., 1992; Crebelli et al., 1995; 
Černá et al., 1999; Binková et al., 2003; Du Four 
et al., 2004; Piekarska et al., 2009, 2011). Finally, 
several studies conducted in North America, 
South America, and New Zealand also indicated 
elevations in mutagenic potency during colder 
months (Crebelli, 1989; Daisey et al., 1980; Brown 
et al., 2005; Cavanagh et al., 2009; Müller et al., 
2001; Török et al., 1989).

Nevertheless, some studies from diverse 
geographical regions failed to detect any appreci-
able seasonal trend in mutagenic potency or noted 
that the mutagenic potency levels of extracts of 
PM collected in the summer were higher relative 
to those of winter samples (Commoner et al., 
1978; Ohtani et al., 1985; Athanasiou et al., 1987; 
Adonis & Gil, 1993; Greenberg et al., 1993; Kuo 
et al., 1998).

The trend towards an increased atmospheric 
burden of PM-associated mutagens during 
colder months is quite clear and well substan-
tiated. Several studies have found that the root 
causes of the observed seasonal trends may not 
be evident. Although some authors have pointed 
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towards contributions from fuel oil combustion 
for residential heating during winter months 
(Daisey et al., 1980), others have reported that the 
presence of atmospheric oxidants and the atmos-
pheric transformation of nitroarenes are impor-
tant determinants of seasonal fluctuation in PM 
mutagenic activity (Arey et al., 1988). Villalobos-
Pietrini et al. (2006) noted the importance of a 
ground-level temperature inversion. Finally, 
other studies (Festy, 1980; Festy et al., 1984) 
support the contention that mutagens associated 
with winter PM are chemically different from 
mutagens associated with PM emitted during 
warmer months.

Day-to-day and diurnal variability
Marked day-to-day variability in mutagenic 

potency has been reported. For instance, a study 
in Sagamihara, Japan (Takagi et al., 1992), found 
lower potency on Sundays and holidays and 
concluded that vehicular emissions were signif-
icant contributors to the mutagenic activity of 
atmospheric PM. Other studies noted differences 
in mutagenic activity during the day compared 
with evenings (Møller et al., 1982; Gupta et al., 
1996). A study by Kameda et al. (2004) of PM 
extracts collected in Osaka, Japan, reported peaks 
in potency in the early morning and late evening; 
potency corresponded with peaks in atmospheric 
levels of nitrogen oxide (NO), carbon monoxide 
(CO), and 1-nitropyrene. Some studies indicated 
that diurnal patterns varied with the season. 
For example, Shimizu et al. (1982) observed that 
daytime PM potency per cubic metre for samples 
collected in the centre of Tokyo, Japan, exceeded 
night-time PM potency for winter samples only. 
Conversely, Sakitani & Hayashi (1986) found that 
daytime potency exceeded nighttime potency for 
summer and autumn samples only.

Temporal trends
Two studies investigated temporal trends in 

PM-associated mutagenicity across an extended 
period of time. Matsumoto et al. (1998) monitored 

PM-associated mutagenic activity in Sapporo, 
Japan, between 1974 and 1992 and indicated a 
modest 44–50% temporal decline in mutagenic 
activity with exogenous metabolic activation. 
This corresponded with a marked 75–80% 
temporal decline in benzo[a]pyrene (B[a]P) 
adsorbed to PM (nanograms per cubic metre). 
Mutagenic activity without exogenous metabolic 
activation did not change over time. Similarly, 
Poli et al. (1999) examined PM-associated muta-
genic activity in Parma, Italy, between 1991 and 
1998 and reported a marked decline in muta-
genic activity between 1992 and 1998.

Spatial variability
Many studies examined the spatial variability 

in the atmospheric burden of PM-associated 
mutagenic activity. The most common compar-
isons concern site-specific conditions related to 
urbanization, industrial activities, and/or traffic 
density. For example, many studies conducted 
in a wide range of locations (Brazil, the Czech 
Republic, Germany, Greece, Italy, Japan, the 
Netherlands, Poland, Saudi Arabia, Taiwan 
[China], Thailand, and the USA) have observed 
that the mutagenic potency per cubic metre of 
extracts of PM collected from urban sites near 
roadways and/or sites described as high-traffic 
sites is markedly higher relative to more rural 
reference sites (Preidecker, 1980; Athanasiou 
et al., 1986; de Raat & de Meijere, 1988; Yu et al., 
1989; Wei et al., 1991; Vellosi et al., 1994; Sato 
et al., 1995; Černá et al., 1999; Vinitketkumnuen 
et al., 2002; Erdinger et al., 2005; Elassouli et al., 
2007; Piekarska et al., 2011).

Elevated mutagenic activity per cubic metre 
was reported at residential areas located down-
wind of urban/industrial locations (e.g. de Raat, 
1983). Some studies, including those conducted 
in China (Kong et al., 1994; Zhao et al., 1996), the 
Netherlands, (van Houdt et al., 1987), and Chile 
(Gil et al., 1997), observed substantial levels of 
PM-associated mutagenic activity per cubic 
metre at control sites, such as a suburban park.
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Few studies have compared the mutagenic 
activity per cubic metre of PM extracts collected 
from different elevations. Comparisons of 
extracts of PM collected from ground level with 
samples collected from the same location at an 
elevated site, such as a rooftop, reported reduced 
potency at the site with higher elevation (e.g. 
Alfheim et al., 1983).

Effect of combustion
Viau et al. (1982) found an increase in the 

PM-associated mutagenic activity with S9 
activation during “smoky” conditions caused 
by a forest fire in Kentucky, USA. de Andrade 
et al. (2011) reported that increased levels of 
PM-associated mutagenic activity were asso-
ciated with cane-burning activities near São 
Paulo, Brazil. Similarly, al-Khodairy et al. (1998) 
noted that increased levels of mutagenic activity 
were associated with oil well fires in Kuwait. 
Nevertheless, several studies that examined 
levels of PM-associated mutagenic activity close 
to a suspected source (e.g. a municipal waste 
incinerator or an aluminium smelting operation) 
were unable to detect any appreciable influence 
of the source (e.g. Alfheim et al., 1984; Watts 
et al., 1989).

Several studies conducted fairly rigorous 
source apportionment and found that a substan-
tial portion of PM-associated atmospheric muta-
genicity is from mobile-source emissions (e.g. 
Israël & Busing, 1983; Lee et al., 1994; Hannigan 
et al., 2005). Other studies highlighted emis-
sions from wood smoke as more important than 
mobile-source emissions (e.g. Claxton et al., 
2001). Daisey et al. (1980) indicated that in their 
study in New York City, 50% of PM-associated 
atmospheric mutagenic activity was from fuel oil 
combustion for residential heating.

Effect of atmospheric pollutants
Numerous studies from diverse geographical 

regions have reported positive associations with 
atmospheric pollutants. These include lead, CO, 

nitrogen oxides (NOx, NO and NO2), SO2, PAHs, 
and non-methane hydrocarbons. Associations 
have been found between PM-associated muta-
genic activities and atmospheric lead, a pollutant 
associated with metal refining and founding 
and municipal waste incineration, or, for studies 
conducted before the mid-1990s (UNEP, 1999), 
with gasoline engine emissions (Flessel et al., 
1985; Pitts et al., 1985). Significant associations 
between PM-associated mutagenicity and NOx, 
an indicator of mobile-source emissions, have 
also been reported (Morris et al., 1995). Several 
studies have also highlighted associations with 
SO2, an atmospheric pollutant associated with 
combustion of coal, residential fuel oil, and heavy 
fuel oils, such as marine fuel oil (Israël & Busing, 
1983; Wolff et al., 1986; Morris et al., 1995). Finally, 
numerous studies have documented associations 
between atmospheric mutagenic activity and 
levels of atmospheric PAHs, including several 
known mutagens and/or mutagenic carcinogens 
(Viras et al., 1990; Černá et al., 1999).

Effect of meteorological conditions
Several studies have observed that mete-

orological conditions, such as wind speed and 
direction, temperature, precipitation, humidity, 
and solar penetration, can influence the levels of 
PM-associated atmospheric mutagenicity.

Several studies reported that PM-associated 
atmospheric mutagenicity per cubic metre was 
negatively affected by precipitation (rain or 
snow).

Because moving air masses can contain urban/
industrial combustion emissions, it is perhaps 
not surprising that several studies have high-
lighted the role of wind speed and direction in 
determining levels of PM-associated atmospheric 
mutagenicity per cubic metre (e.g. Commoner 
et al., 1978; Wang et al., 1980). Detailed anal-
yses (e.g. as conducted by Alink et al., 1983; de 
Raat et al., 1985; de Raat & de Meijere, 1988, and 
Morris et al., 1995) specifically identified wind 
directions that were associated with increased 
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levels of atmospheric mutagenicity. For example, 
studies conducted in the Netherlands found 
increased levels of PM-associated mutagenicity 
for easterly or southerly winds, from Germany 
and Belgium.

Post-emission formation of potent mutagens: 
atmospheric reactions

Studies that investigated the effects of mete-
orological conditions on atmospheric muta-
genic activity are congruent with those of Arey 
et al. (1988, 1992) regarding the post-emission 
formation of potent mutagens derived from 
combustion emissions. Arey et al. showed that 
atmospheric reactions can contribute to the 
formation of potent nitro-PAHs. Such obser-
vations are consistent with mutagen formation 
during airborne movement from an urban/
industrial area to a less-congested area, and 
with some atmospheric transformation products 
being mutagenic.

Conclusions
In summary, several fundamental conclu-

sions can be drawn from the more than 250 
studies that used the Salmonella reverse mutation 
assay to examine samples derived from outdoor 
air (e.g. PM extracts) collected from locations on 
five continents over the past 30 years.

1. Outdoor air PM extracts, including samples 
of total suspended particles (TSP), PM10, and 
PM2.5, evaluated for mutagenicity yielded a 
significant positive response; however, the 
mutagenic potency values, expressed per 
cubic metre, ranged over 5 orders of magni-
tude. Thus, some atmospheric samples clearly 
contain very little mutagenic activity, whereas 
others carry a high burden of activity.

2. The mutagenic potency of outdoor air is 
positively associated with outdoor air PM 
levels, reflecting an overall correspondence 
between declines in air quality and increased 
levels of PM-associated mutagenic activity. 
Increased PM-associated mutagenic activity 

is positively associated with other measures 
of impaired air quality, such as increased 
NOx, lead, PAHs, CO, nitro-PAHs, and SO2.

3. Samples derived from outdoor air PM collected 
during colder seasons (winter) are generally 
more mutagenic (per cubic metre) than those 
from PM collected during warm seasons 
(summer). This is likely due to a combina-
tion of factors that include changes in source 
contributions, meteorological changes, and 
seasonal land-use changes. Concomitantly, 
studies find that the PM-associated muta-
genic potency per cubic metre of outdoor air 
is inversely related with air temperature.

4. Bioassay-directed fractionation studies 
confirm that much of the mutagenic activity 
associated with the particulate portion of 
outdoor air is found in the moderately polar 
and/or polar organic fractions, and includes 
a wide range of acids, bases, and neutral 
compounds, confirming a significant role 
for numerous classes of organic compounds. 
Although several noteworthy mutagens 
associated with outdoor air PM have been 
identified (e.g. nitro-PAHs), in most cases 
the putative mutagens have not been well 
characterized.

5. Samples derived from outdoor air PM are 
generally more mutagenic (per cubic metre) 
during workdays relative to non-workdays 
(e.g. weekends) and are generally more muta-
genic during daytime than at night. The 
higher mutagenic potencies during work-
days and daytime are associated with higher 
outdoor concentrations of lead, CO, and NOx, 
reflective of mobile-source emissions.

6. Studies conducted over 7  years in Parma, 
Italy, showed a decline (63–76%) in outdoor 
air mutagenic activity (per cubic metre), 
reflecting the potential benefits of increas-
ingly stringent emission controls for mobile 
combustion sources (Poli et al., 1999). A 
similar study conducted over 18  years in 
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Sapporo, Japan, noted a modest (44–50%) 
decline only for mutagenic activity commonly 
associated with PAHs (i.e. not nitro-PAHs) 
(Matsumoto et al., 1998).

7. Samples derived from outdoor air PM are 
generally more mutagenic if sampled at 
ground level, relative to higher elevations. 
Mutagenic activity is also greatly affected 
by wind direction and other meteorological 
conditions. Precipitation events reduce the 
levels of PM-associated mutagenic activity 
(per cubic metre).

8. Smaller particles (PM2.5) are generally 
more mutagenic per mass of particle than 
larger particles (PM10); maximum muta-
genic activity is associated with particles of 
0.1–1.2 µm.

9. The main contributors to PM-associated 
outdoor air mutagenicity appear to be 
urbanization, industrial activity, and traffic 
density. In some cases, wood smoke and/or 
emissions associated with residential heating 
have been highlighted as important sources 
of PM-associated mutagens, and these latter 
sources can exceed contributions from 
mobile-source emissions. Many studies have 
associated outdoor air mutagenicity with SO2, 
which is associated with the combustion of 
coal, residential fuel oil, and heavy fuel oils, 
including marine fuel oil.

4.2.2 Cytogenetic effects

(a) Humans

Cytogenetic studies have directly evaluated 
the frequencies of chromosomal aberrations 
(CAs), micronuclei (MN), or sister chromatid 
exchanges (SCEs) among workers exposed to 
polluted outdoor air or heavy-traffic roads, 
compared with subjects exposed primarily to 
indoor air. In addition, a few studies have evalu-
ated cytogenetic end-points in populations living 
in urban/industrial areas versus rural areas. Most 

such studies compared cytogenetic end-points in 
peripheral blood lymphocytes.

(i) Chromosomal aberrations
Table  4.2 summarizes the studies in which 

CAs were evaluated as a biomarker of outdoor 
air exposure versus subjects who worked or spent 
the majority of their time indoors. The studies 
reviewed cover several categories of workers 
exposed to outdoor air, and nearly all showed 
an association between CAs and this exposure, 
although this was the case for only two exposure 
groups when the data were stratified by geno-
type/phenotype (Knudsen et al., 1999). Four 
studies included exposure assessments, and all of 
them found higher levels of exposure among the 
subjects exposed to outdoor air than among the 
controls (Burgaz et al., 2002; Cavallo et al., 2006; 
Srám et al., 2007; Zidzik et al., 2007).

Among the studies included in Table  4.2, 
three studies (Anwar & Kamal, 1988; Knudsen 
et al., 1999; Cavallo et al., 2006) cultured the 
lymphocytes for 48 hours; however, three studies 
(Burgaz et al., 2002; Beskid et al., 2007; Sree Devi 
et al., 2009) cultured the cells for 72 hours, and 
one study for 69 hours (Chandrasekaran et al., 
1996). Culturing cells for more than 48  hours 
can result in increased frequencies of CAs 
formed during the extended period of growth 
in culture. However, only one study with long 
culturing times (Sree Devi et al., 2009) appears 
to have an elevated frequency of CAs among 
the controls. Nonetheless, all of the studies in 
Table 4.2 reported significantly higher frequen-
cies of CAs among the exposed relative to control 
populations.

Ten studies found increased frequencies 
of CAs among traffic police compared with 
their respective control populations (Table 4.2). 
Thus, traffic police in Cairo, Egypt, had higher 
frequencies of CAs compared with police trainers 
(Anwar & Kamal, 1988), as did those in Ankara, 
Turkey, compared with office workers (Burgaz 
et al., 2002), as did traffic police in Hyderabad, 
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India, compared with subjects who did not work 
in traffic (Sree Devi et al., 2009), as did traffic 
police in Hebei City, Henan, China, compared 
with police who worked in offices (Chen et al., 
1999). The study in Turkey included an exposure 
assessment, which found higher concentrations 
of urinary 1-OHP among the traffic police rela-
tive to the control population (Burgaz et al., 
2002). The study by Beskid et al. (2007) showed 
that police officers who worked outdoors in 
Prague (Czech Republic), Košice (Slovakia), or 
Sofia (Bulgaria) had higher frequencies of CAs 
as determined by fluorescence in situ hybridiza-
tion (FISH) compared with subjects who were 
indoors at least 90% of the time. However, when 
traditional cytogenetic analyses were used, only 
the Sofia, Bulgaria, traffic police had elevated 
CA frequencies (Zidzik et al., 2007). An expo-
sure assessment of these three sets of populations 
showed that the police who worked outdoors 
had higher exposures to carcinogenic PAHs 
compared with the controls (Zidzik et al., 2007). 
Using FISH, Srám et al. (2007) showed that traffic 
police in Prague, Czech Republic, had higher CA 
frequencies in January, when air pollution (PM10) 
was high, than in March, when the PM10 concen-
tration was significantly lower. However, no 
differences in CA frequencies were found when 
traditional cytogenetic methods were used.

One study performed in the Czech Republic 
(Rubes et al., 2005) evaluated the association 
between exposure of men to polluted outdoor 
air and CAs in their sperm, and found no asso-
ciation between aneuploidy in the sperm and 
outdoor air pollution. A study in traffic police in 
Prague, Czech Republic, showed that the police 
had higher frequencies of CAs in sperm when 
sampled in January, when the PM10 concentra-
tions were high, than in March, when the PM10 
concentrations were low (Srám et al., 1999) (see 
Section 4.3.3a).

The frequencies of CAs were higher in taxi 
drivers in Ankara, Turkey, compared with office 
workers (Burgaz et al., 2002; Table 4.2), and the 

taxi drivers had higher concentrations of urinary 
1-OHP compared with the control subjects.

An investigation of outdoor airport workers 
at the international airport in Rome, Italy, found 
higher frequencies of CAs in this population 
compared with the frequencies found among 
airport office workers (Cavallo et al., 2006; 
Table  4.2). Exposure assessments found higher 
concentrations of PAHs in the air outdoors 
compared with in the offices, but there was 
no difference in the concentrations of urinary 
1-OHP among the exposed and control groups.

In Denmark, a strategic environmental 
health programme, including studies of expo-
sures and biomarkers related to traffic-generated 
air pollution, was carried out with bus drivers, 
letters carriers, and post office workers. A study 
of bus drivers categorized the exposure groups as 
high for drivers within the city of Copenhagen, 
medium for drivers in the suburbs, and low for 
drivers in the countryside (Knudsen et al., 1999; 
Table 4.2). When stratified by genotype/pheno-
type, those bus drivers who were glutathione 
S-transferase M1 (GSTM1) null and had the 
NAT2 slow acetylator genotype exhibited an 
exposure-related increase in CAs compared with 
those with the NAT2 fast acetylator and GSTM1-
positive genotypes (Knudsen et al., 1999). [The 
role of genotype/phenotype is discussed later 
in this Monograph (see Section 4.4).] A separate 
study of bus drivers in Sofia, Bulgaria, found 
increased frequencies of CAs in that population 
relative to office workers when analysed either 
by traditional cytogenetic methods (Zidzik et al., 
2007) or by FISH (Beskid et al., 2007).

A comparison of mail carriers in Copenhagen, 
Denmark, with office workers found that the 
mail carriers who were NAT2 slow acetylators 
had higher frequencies of CAs compared with 
those who were NAT2 fast acetylators (Knudsen 
et al., 1999; Table 4.2). This result suggested that 
the NAT2 genotype may influence responses to 
other common exposures or may influence the 
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baseline frequencies of CAs (Knudsen et al., 
1999).

Using white blood cells from 55 children 
attending a school in a rural area of Thailand 
and from 91 children attending an urban school 
in Bangkok, Thailand, Tuntawiroon et al. (2007) 
and Ruchirawat et al. (2007) exposed the cells to 
100 cGy of ionizing radiation from a 137Cs source 
at a dose rate of 5  Gy/minute and then deter-
mined the frequency of CAs. The authors found 
significantly higher frequencies of deletions/
metaphase among the urban schoolchildren 
(0.45 ± 0.01) than among the rural schoolchildren 
(0.26 ± 0.01). Exposure analyses showed that the 
urban schoolchildren had higher concentrations 
of urinary 1-OHP and blood benzene compared 
with the rural schoolchildren. In addition, the 
air in the urban area had higher concentrations 
of PAHs and benzene than that from the rural 
area. Together, these studies indicated that the 
global DNA repair system of the urban school-
children was less effective at repairing the DNA 
damage after a challenge by ionizing radiation 
compared with that of the rural schoolchildren.

Cui et al. (1991) determined the frequency of 
CAs in the chorionic villi of 2698 women (aged 
25–35  years) having abortions for non-medical 
reasons at less than 10 weeks of pregnancy from 
three cities with different levels of air pollution. 
The three cities were Shenyang, which had heavy 
pollution due to industry and coal combustion 
(811 women), Zhengzhou, which had moderate 
air pollution (1060 women), and Dalian, which 
was the least polluted, with light industry (827 
women). The incidences of polyploidy, trisomy, 
and chromosome structural abnormalities 
in the women in Shenyang were 2.3, 3.4, and 
16 times, respectively, those in the women in 
Dalian. Similarly, the cytogenetic frequencies 
of polyploidy, trisomy, and chromosome struc-
tural abnormalities in the women in Zhengzhou 
were 3.9, 1.3, and 4.9 times, respectively, those 
in the women in Dalian. The data for structural 
abnormalities are shown in Table 4.2. The results 

suggested that there was a positive correlation 
between the incidence of numerical and/or 
structural CAs and the severity of air pollution, 
especially SO2 concentrations (Cui et al., 1991).

(ii) Micronuclei
The studies reviewed here cover a variety of 

exposure situations (Table 4.3), and of those that 
included exposure assessments, all found higher 
levels of exposure to air pollutants among the 
group exposed to outdoor air compared with 
the unexposed controls. Three studies evalu-
ated MN in buccal cells (Karahalil et al., 1999; 
Hallare et al., 2009; Sellappa et al., 2010), and 
the rest evaluated MN in lymphocytes; however, 
one evaluated MN in both cell types (Cavallo 
et al., 2006), and one evaluated MN in maternal 
lymphocytes and cord blood (Pedersen et al., 
2009). Most studies found increased frequencies 
of MN in the outdoor versus indoor exposure 
settings, or in populations living in urban/indus-
trial areas versus rural areas. All lymphocyte 
studies except that of Zhao et al. (1998) used the 
cytokinesis-block version of the MN assay; those 
studies that used buccal cells did not (Karahalil 
et al., 1999; Cavallo et al., 2006; Hallare et al., 
2009; Sellappa et al., 2010).

Six studies investigated the induction of MN 
in traffic police relative to controls not exposed 
chronically to traffic (Table 4.3). Traffic police in 
Ankara, Turkey, had higher frequencies of buccal 
cell MN compared with the controls (details of 
controls not specified) (Karahalil et al., 1999; 
Table 4.3). Likewise, higher frequencies of buccal 
cell MN were found in traffic police in Manila, 
Philippines, compared with other residents of 
Manila (Hallare et al., 2009; Table 4.3). Increased 
frequencies of MN were found in buccal cells of 
traffic police in Lanzhou, China, compared with 
the frequencies found in police who worked in 
offices (Zhao et al., 1998; Table 4.3).

A study of MN in lymphocytes in traffic police 
in Genoa, Italy, found increased frequencies in 
this group relative to a group of indoor workers 
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(Merlo et al., 1997; Table 4.3). Exposure assess-
ments found a 30-fold higher concentration of 
PAHs in the air outdoors compared with that in 
the office space. Another study in lymphocytes 
of traffic police in Genoa found no increase in 
MN frequencies in traffic police compared with 
a group of laboratory workers (Bolognesi et al., 
1997a; Table 4.3). Nonetheless, exposure assess-
ments showed higher levels of B[a]P in the air 
outdoors compared with that in the laboratories. 
Higher frequencies of MN were found among 
traffic police in Hebei, China, compared with 
police who worked in offices (Bai et al., 2005; 
Table  4.3), and exposure assessments found 
increased concentrations of inhaled particles in 
the air breathed by the exposed compared with 
the control subjects. Increased concentrations 
of NOx, CO, hydrocarbons, and lead were also 
found among the exposed versus the control 
populations.

Unlike the previous studies of traffic police, 
the study by Rossnerova et al. (2009) evaluated 
traffic police in Prague, Czech Republic, but 
compared the MN frequencies among the police 
as measured in a more-polluted month (February) 
versus a less-polluted month (May). Exposure 
assessments had shown that the air in February 
had higher concentrations of carcinogenic PAHs, 
B[a]P, and various VOCs (benzene, ethylben-
zene, and o-xylene). Traffic police had frequen-
cies of MN that were higher in the more-polluted 
month (February) compared with those in the 
less-polluted month (May) (Table 4.3).

Filling station attendants in Manila, 
Philippines, had higher frequencies of buccal cell 
MN compared with residents of Manila (Hallare 
et al., 2009; Table 4.3). The frequencies of buccal 
cell MN were higher in filling station attendants 
in Coimbatore City, India, compared with other 
residents of Coimbatore City (Sellappa et al., 2010; 
Table  4.3). The frequencies of buccal cell MN 
were higher in taxi drivers in Ankara, Turkey, 
compared with control subjects (Karahalil et al., 
1999; Table 4.3). [The Working Group noted that 

this human study addressed an occupational 
situation and might not be broadly applicable.]

No increases in either buccal or lymphocyte 
MN frequencies were found among outdoor 
airport workers at the international airport in 
Rome, Italy, compared with airport office workers 
(Cavallo et al., 2006; Table 4.3). Exposure assess-
ments found that the concentration of PAHs was 
higher outdoors than in the offices, but concen-
trations of urinary 1-OHP were not different 
between the two groups of workers.

One study found higher frequencies of MN 
in lymphocytes of mothers and umbilical cord 
blood from those mothers who lived in high- 
versus low-traffic areas of Denmark (Pedersen 
et al., 2009; Table 4.3).

Several studies evaluated subjects living in 
urban/industrial areas versus rural areas. For 
example, Ishikawa et al. (2006) showed that 
residents of an industrial district of Shenyang, 
China, had higher frequencies of MN compared 
with residents of a rural district of the same 
city (Table 4.3). Likewise, Pedersen et al. (2006) 
found that young children living in an urban area 
(Teplice, Czech Republic) had higher frequencies 
of MN compared with young children living 
in a rural area (Prachatice, Czech Republic) 
(Table 4.3).

Another comparison of subjects working in 
two different environments was performed by 
Peng & Ye (1995), who measured the frequency 
of MN in bus drivers or on-site bus ticket 
officers a route that runs through a tunnel in 
Shanghai, China, and compared the results with 
those obtained in officers who worked in the 
Shanghai Botanical Garden. Daily average TSP 
concentrations in the tunnel were extremely 
high (1.86  mg/m3) compared with the estab-
lished standard of 0.15 mg/m3. The bus drivers 
and on-site bus ticket officers had higher MN 
frequencies compared with the officers in the 
botanical garden (Table 4.3).
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(iii) Sister chromatid exchanges
SCEs have been used extensively as a 

biomarker of genotoxicity; however, unlike CAs 
and MN, SCEs have not turned out to be predictive 
of cancer risk (Norppa et al., 2006). Nonetheless, 
SCEs are a sensitive indicator of exposure to a 
variety of genotoxic agents; as reviewed below, 
this includes exposure to outdoor air pollution.

There were 11 studies in which SCEs in 
lymphocytes were investigated as a biomarker 
associated with exposure to outdoor air pollution 
(Table 4.4). Of these 11 reports, all but two found 
increased frequencies of SCEs in the exposed 
population compared with the control subjects. 
Among the 11 reports, four exposure groups were 
studied; three of the 10 studies included expo-
sure assessments, all of which found a difference 
between the exposure levels of the exposed and 
control populations. All of the studies cultured 
the lymphocytes for 72  hours, except for Sree 
Devi et al. (2009), where the cells were cultured 
for 70 hours, and Cavallo et al. (2006), where the 
cells were cultured for 48 hours.

There were eight studies of SCEs in traffic 
police, all but one of which found higher frequen-
cies of SCEs in the traffic police relative to the 
control populations (Table 4.4); the one negative 
study included an exposure assessment. Traffic 
police in Cairo, Egypt, had higher frequencies of 
SCEs compared with police trainers (Anwar & 
Kamal, 1988); the same was true for traffic police 
in Madras, India, compared with subjects not 
working in traffic (Chandrasekaran et al., 1996). 
Traffic police in Lanzhou, China, had higher 
frequencies of SCEs compared with police who 
worked in offices (Zhao et al., 1998); the same 
was true for traffic police in Hyderabad, India 
(Sreedevi et al., 2006), or Chennai City, India 
(Anbazhagan et al., 2010), compared with office 
workers. Traffic police in Bangkok, Thailand, 
had higher frequencies of SCEs compared 
with university students, who were used as 
the control population (Soogarun et al., 2006). 

Although traffic police in Genoa, Italy, did not 
have elevated frequencies of SCEs compared with 
laboratory workers, used as controls (Bolognesi 
et al., 1997b), an exposure assessment found that 
the concentration of B[a]P and other PAHs in the 
outdoor air was higher than that in the laboratory 
spaces. Traffic police in Hebei, China, had higher 
frequencies of SCEs compared with police who 
worked in offices (Bai et al., 2005; Table 4.4), and 
exposure assessments showed that there were 
higher concentrations of particles, NOx, CO, 
hydrocarbons, and lead in the air for the exposed 
populations compared with the controls.

Outdoor workers at the international airport 
in Rome, Italy, had higher frequencies of SCEs 
compared with indoor workers at the airport 
(Cavallo et al., 2006; Table  4.4), and exposure 
assessments found that the outdoor air had 
higher concentrations of PAHs than the indoor 
air. Nonetheless, there was no difference in the 
urinary concentration of 1-OHP between the 
outdoor and indoor workers. The frequencies 
of SCEs were not higher among tunnel workers 
in the Umbrian Apennine Mountains, Italy, 
compared with outdoor workers away from 
traffic (Villarini et al., 2008; Table 4.4).

A comparison of subjects working in two 
different environments was performed by Peng & 
Ye (1995), who measured the frequency of SCEs 
in bus drivers or on-site bus ticket officers on a 
route that runs through a tunnel in Shanghai, 
China, versus that of officers who worked in the 
Shanghai Botanical Garden. Daily average TSP 
concentrations in the tunnel were extremely 
high (1.86  mg/m3) compared with the estab-
lished standard of 0.15 mg/m3. The bus drivers 
and on-site bus ticket officers had higher SCE 
frequencies compared with the officers in the 
botanical garden (Table 4.4).

In summary, two types of studies were 
performed to evaluate CAs, MN, and SCEs in 
humans exposed to outdoor air pollution. One 
type studied subjects whose work involved 
being outside (frequently in or near traffic) for 
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most of the workday (e.g. traffic police, street 
vendors, and toll booth operators) compared 
with subjects who worked primarily indoors (e.g. 
office workers). Another type of study compared 
subjects who lived or worked in more- versus 
less-polluted airsheds. Nearly all studies showed 
that polluted outdoor air induced significantly 
higher cytogenetic effects relative to either 
indoor air or less-polluted outdoor air. These 
studies covered 10 countries for CAs, seven for 
MN, and five for SCEs. Two of these end-points 
(CAs and MN) are associated with increased risk 
of cancer, highlighting the importance of these 
genotoxicity biomarker studies.

(b) Experimental systems

(i) In vivo

Animals
See Table 4.5.

Chromosomal aberrations
Several studies have examined the effect of 

outdoor air pollution or samples derived from 
it on cytogenetic abnormalities in experimental 
animals in vivo. Only one study examined 
the frequency of cytogenetic abnormalities in 
animals exposed in situ at locations highlighted 
for poor air quality. Rubeš et al. (1997) inves-
tigated cytogenetic effects in peripheral blood 
lymphocytes of dairy cattle in the Teplice district 
of the Czech Republic, an industrialized area 
with severe air pollution, and the Prachatice 
district, an agricultural area with lower levels of 
air pollution. The results revealed a significantly 
higher percentage of aberrant cells (chromatid 
aberrations or CAs) in animals in Teplice rela-
tive to Prachatice. The CAs included chromatid 
breaks, isochromatid breaks, acentric fragments, 
and translocations (Rubeš et al., 1997).

Four studies conducted in China examined 
the ability of extracts of airborne PM to induce 
various cytogenetic abnormalities in murine 
bone marrow. The study by Wang & Zhang (1984) 

was conducted in the northern Chinese city of 
Harbin, which experiences a marked reduction 
in air quality in colder months due to residential 
heating by coal. The authors reported that mice 
exposed orally by gavage to methanol extracts of 
TSP collected from a residential site in the winter 
showed a dose-dependent increase in aneuploidy 
and CAs. The CAs included chromosome breaks, 
fragments, dicentric chromosomes, and ring 
chromosomes (Wang & Zhang, 1984).

The other three studies were conducted in 
Taiyuan, an industrialized city in north-western 
China that contains chemical production facili-
ties and coal-fired electricity generation facilities. 
Yang & Wu (1984) found that mice (strain not 
specified) treated with a single intraperitoneal 
injection of methanol extracts of TSP collected 
from several locations had dose-dependent 
increases in CAs in bone marrow cells. Marked 
increases were noted for samples from indus-
trial, commercial, and residential sites, and the 
CAs included chromatid or chromosome breaks 
for the industrial or high-traffic sites and ring 
chromosomes for the commercial or residential 
sites. The authors observed that the frequency of 
induced CAs was positively associated with PM 
level (Yang & Wu, 1984).

A similar study in Taiyuan involved intra-
peritoneal exposures of mice to inorganic (i.e. 
nitric acid) PM extracts, or PM extracts prepared 
using simulated lung fluid. The results showed 
significant dose-dependent increases in CA 
frequency and increased responses for parti-
cles smaller than 2.5  µm. For the inorganic 
extract, the authors reported that the observed 
CA frequency was correlated with concentra-
tions of lead, manganese, chromium, nickel, 
and cadmium (Lei et al., 1993). The study by 
Sun et al. (1995) investigated CAs in male germ 
cells of Kunming mice treated intraperitoneally 
with dichloromethane (DCM) extracts of TSP 
collected downwind of a coal-fired electricity 
generation facility. The results revealed dose-de-
pendent increases in sperm abnormalities, CAs 
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in spermatogonia and primary spermatocytes, 
and frequencies of meiotic MN in early sperma-
tids (Sun et al., 1995) (see also Section 4.3.3).

Micronuclei
Eleven published studies examined the ability 

of outdoor air or samples derived from outdoor 
air to induce MN in vivo. The majority of these 
studies (8 of 11) investigated the frequency of 
MN in haematopoietic tissues (bone marrow or 
peripheral blood) in mice exposed intraperitone-
ally to a single acute dose or to repeated (2–5) 
consecutive daily doses. One study examined the 
frequency of MN in peripheral blood of Balb/c 
mice exposed in situ for up to 120 days to urban 
air in São Paulo (Soares et al., 2003). The results 
revealed a significant increase in MN frequency 
relative to a rural control location, and MN 
frequency was positively correlated with atmos-
pheric levels of CO, NO2, and PM10 (Soares et al., 
2003).

The study by Izzotti et al. (1996) examined the 
ability of cyclohexane extracts of TSP collected 
in Sicily, Italy, from urban and rural locations 
to induce MN in rat alveolar macrophages and 
pulmonary epithelial cells after five consec-
utive daily intratracheal instillations. The 
results showed significant 3.4-fold and 4.5-fold 
increases in MN frequency in pulmonary alve-
olar macrophages and epithelial cells, respec-
tively, of rats treated with extracts from urban 
locations relative to the control (Izzotti et al., 
1996). Zhao et al. (2001) noted that four consec-
utive gavage doses of DCM extracts of TSP 
collected at a heavy-traffic location in Lanzhou, 
an industrialized city in north-western China, 
induced a significant dose-dependent increase 
in MN frequency in bone marrow of Kunming 
mice (Zhao et al., 2001).

Two studies in Europe investigated the 
ability of PM extracts to induce increases in MN 
frequency in mouse bone marrow after intraperi-
toneal injection. Motykiewicz et al. (1990, 1996) 
showed that benzene extracts of PM collected 

from the heavily industrialized region of Upper 
Silesia, Poland (which has coke production, metal 
refining, steel foundries, etc.), induced a signifi-
cant increase in micronucleated polychromatic 
erythrocytes (PCEs) in Balb/c mice after two 
consecutive intraperitoneal injections. Crebelli 
(1989) reported that two consecutive intraperito-
neal doses of DCM extract from PM collected in 
Rome, Italy, failed to elicit significant increases 
in micronucleated PCEs in Swiss mice (Crebelli 
et al., 1988).

Six studies investigated the ability of organic 
extracts of PM collected in urban centres in China 
(Beijing, Shanghai, and Taiyuan) to induce signif-
icant increases in MN frequency in bone marrow 
of Kunming mice exposed via intraperitoneal 
injection. For example, Wang et al. (1991) noted 
that nanomaterial extracts of TSP from several 
sites in Beijing induced dose-dependent increases 
in MN frequencies and, moreover, that MN 
frequencies were markedly higher for samples 
from industrial or commercial areas relative to 
those from residential areas (Wang et al., 1991). 
Similarly, studies by Yao et al. (1993) and Zhao 
et al. (2002) revealed that DCM extracts of PM 
collected from a variety of locations in Shanghai 
induced significant dose-dependent increases in 
MN frequency for 10 of the 13 locations exam-
ined, with a maximum response approximately 
5-fold above the control (Yao et al., 1993).

Studies by Bai et al. (1999) and Zhang et al. 
(2002) investigated the ability of DCM extracts of 
TSP collected in Taiyuan to induce a significant 
increase in MN frequency. Bai et al. (1999) found 
dose-dependent increases in MN frequency, and 
extract fractionation showed no induction of 
MN by the aliphatic hydrocarbon fraction but 
induction of high MN frequencies by fractions 
containing organic acids, polar aromatics, basic 
organics, and PAHs (Bai et al., 1999).

Zhang et al. (2002) studied a site near the 
Taiyuan steel foundry and compared results with 
those obtained from samples from a less-contam-
inated site at Yangqu. They found a significant 
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induction of MN by air sample extracts from 
both sites, but there was a marked increase for 
extracts of TSP from the foundry area. The 
authors observed that the results correspond to 
a higher incidence of lung cancer in the Taiyuan 
foundry area relative to the control site (Zhang 
et al., 2002).

A single study in Japan reported a significant 
dose-related increase in micronucleated PCEs 
in Balb/c mice exposed to a methanol extract 
of PM10 collected in Tokyo (Sakitani & Suzuki, 
1986).

Sister chromatid exchanges
A single study that investigated the ability 

of organic extracts of PM collected in West 
Virginia, USA, to induce SCEs in bone marrow 
and spleen cells of CD1 mice exposed via single 
intraperitoneal or oral administration failed to 
show a significant increase relative to control 
(Krishna et al., 1986).

In summary, polluted outdoor air, outdoor 
air PM, or samples derived from outdoor air PM 
are capable of inducing significant increases in 
cytogenetic damage in animals exposed in situ 
or exposed experimentally via a variety of routes 
of administration. Exposures of experimental 
animals via oral, intraperitoneal, or intratracheal 
administration show a clear dose-dependent 
induction of cytogenetic damage recorded as 
CAs or MN. [The Working Group expressed 
concerns about intraperitoneal injections and 
their relevance to human cancer risk.]

Plants
Plant assays (see Supplemental Table  S10, 

available online) have also been used to assess the 
ability of outdoor air pollution or samples derived 
from it to induce cytogenetic damage (Ma et al., 
1994). In particular, many studies have examined 
the induction of MN in meiotic pollen mother 
cells (i.e. tetrads formed after the second meiotic 
division) of the sterile Tradescantia clone 4430 
or isolates of T. paludosa or T. pallida exposed 

to outdoor air in situ for extended periods (e.g. 
several months) or in the laboratory to extracts 
of airborne PM.

In their review of the mutagenicity and 
carcinogenicity of outdoor air pollution, Claxton 
& Woodall (2007) observed that although the 
dynamic range of plant genotoxicity assays 
varies across plants and end-points, the dynamic 
range of the induced responses, relative to the 
control, for the popular Tradescantia assays 
ranges between 2-fold for the stamen-hair muta-
tion assay and 20-fold for the MN assay. In their 
review of mutagens in contaminated soils, White 
& Claxton (2004) also critically examined the 
utility of the Tradescantia genotoxicity assays 
and noted the limited dynamic range and lack of 
sensitivity, particularly for short-term exposures.

(ii) In vitro
Cytogenetic effects induced by extracts of 

airborne particulates were assessed in cultured 
human lymphocytes, human cell lines, cultured 
animal primary cells, and animal cell lines. The 
cytogenetic effects included CAs, aneuploidy, 
MN, and SCEs. The results of these in vitro 
cytogenetic studies are summarized in Table 4.6.

Chromosomal aberrations

Human cells
A series of studies showed significant 

dose-related increases in the frequency of chro-
mosome and chromatid breaks in cultured 
human lymphocytes exposed to organic extracts 
of airborne PM from the Rhine–Ruhr region of 
Germany (Hadnagy et al., 1986, 1989; Hadnagy 
& Seemayer, 1987; Seemayer et al., 1989). Acetone 
extracts of outdoor air PM collected in West 
Virginia, USA, also induced CAs in human 
lymphocytes in a dose-dependent manner 
(Krishna et al., 1984). Three studies in China 
also showed that extracts of outdoor air particles 
induced CAs in human lymphocytes. Organic 
extracts of airborne TSP samples collected at five 
sites in Lanzhou, a city heavily contaminated by 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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coal combustion and automobile exhausts, all 
induced CAs in cultured human lymphocytes 
obtained from umbilical cord blood. The major 
CAs included chromatid gaps, chromosome 
gaps, chromatid breaks, chromosome breaks, 
and fragments. Potency was correlated with the 
degree of air pollution (Ding et al., 1999). Tan 
et al. (2002) examined water extracts of airborne 
TSP collected in a tunnel in Shanghai and noted 
significant induction of CAs, including frag-
ments and dicentric chromosomes, in cultured 
human lymphocytes compared with controls. 
The authors reported that metals such as lead, 
zinc, manganese, and iron likely contribute to 
the observed increase in the frequency of CAs. 
Wei & Meng (2006a) examined water extracts of 
PM2.5 samples collected from Baotou (an indus-
trial city in Inner Mongolia) and Wuwei (an 
agricultural city in Gansu province) and noted 
dose-dependent increases in the frequencies of 
CAs in cultured human lymphocytes. Samples 
were collected during sandstorms as well as on 
non-storm control days, and CA frequencies 
were higher in Baotou compared with Wuwei, for 
non-storm conditions only. CAs included chro-
matid breaks, chromosome breaks, acentric frag-
ments, dicentric chromosomes, and gaps (Wei & 
Meng, 2006b).

Animal cells
A study by Motta et al. (2004) showed significant 

increases in CA frequencies in Chinese hamster 
epithelial liver cells, which maintained metabolic 
competence, exposed to extracts of airborne PM 
from Catania, Italy. However, negative results 
were seen in Chinese hamster ovary cells that 
required exogenous metabolic activation (Motta 
et al., 2004). Alfaro Moreno et al. (1997) reported 
a dose-related increase in anaphase aberrations 
in murine Balb/c 3T3 cells exposed to a suspen-
sion of atmospheric dust collected in Mexico. A 
study by Zwanenburg (1988) reported significant 
induction of CAs in Chinese hamster V79 lung 
cells exposed to extracts of particles collected 

from several sites after a large industrial fire in 
Switzerland in the presence of S9 (Zwanenburg, 
1988). Extracts of PM from some urban sites elic-
ited positive responses 4–5 months after the fire, 
and the authors could not provide convincing 
evidence that the fire resulted in the release of 
clastogenic substances. A study conducted in 
Poland, which examined fractions of organic 
extracts of airborne PM from high-pollution 
locations, showed significant increases in CA 
frequencies in Chinese hamster V79 lung cells by 
fractions containing polar aromatics, monophe-
nols, and basic N-heterocyclics (Motykiewicz 
et al., 1988). A study by Ares et al. (2000) failed 
to show significant increases in CA frequency 
in primary F344 rat hepatocytes treated with 
extracts of airborne PM from Patagonia (Ares 
et al., 2000). Two studies reported significant 
increases in aneuploidy in Chinese hamster 
V79 lung cells exposed to extracts of airborne 
PM from Poland (Motykiewicz et al., 1991) and 
Germany (Hadnagy & Seemayer, 1991).

Micronuclei

Human cells
Water or organic solvent extracts of airborne 

PM from five cities in China were tested for induc-
tion of MN in cultured human lymphocytes. In 
Lanzhou, DCM extracts of TSP from five sites 
with varying degrees of air pollution all caused 
dose-dependent increases in MN frequency in 
cultured human lymphocytes. The samples from 
sites with heavy traffic or close to petroleum 
industries showed more potent induction of MN 
compared with samples from moderately contam-
inated sites or relatively clean sites (Ding et al., 
1999). In Shanghai, saline extracts of airborne 
PM from Taopu, an industrial region, caused 
a dose-dependent increase in MN in cultured 
human lymphocytes (Tan et al., 2004). Wei & 
Meng (2006a) and Wei et al. (2006) compared 
MN induction by organic and inorganic extracts 
of PM2.5 collected during a sandstorm or in 
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non-storm conditions from the industrial city of 
Baotou (in Inner Mongolia) and the agricultural 
city of Wuwei (in Gansu province). The results 
indicated that organic and saline PM suspen-
sions, collected during storm and non-storm 
conditions, showed dose-dependent increases in 
MN frequency in cultured human lymphocytes 
(Wei et al., 2006). DCM extracts of TSP and 
PM10 samples from Guangzhou also significantly 
increased MN frequency in cultured human 
lymphocytes, and extract fractionation showed 
significant MN induction by the aromatic hydro-
carbon fraction of PM10 (Xu & Wang, 2008). A 
study by Yuan et al. (1999a) examined acid 
and organic solvent extracts of airborne PM of 
different sizes (< 1.1 µm, 1.1–2.0 µm, 2.0–3.3 µm, 
3.3–7.0  µm, and >  7.0  µm) that were collected 
from a residential area in Taiyuan, and they 
observed dose-dependent increases in frequen-
cies of MN in cultured human lymphocytes 
(Yuan et al., 1999a). Acid extract studies showed 
that the smaller the particulate size, the higher 
the MN frequency; the MN frequencies were also 
positively correlated with the concentrations of 
metals in the PM extracts (Yuan et al., 1999b). 
In addition, a study conducted in Flanders, 
Belgium, also reported a significant dose-re-
lated (i.e. equivalent cubic metres per millilitre) 
increase in MN frequency in cultured human 
lymphocytes exposed to organic extracts of 
urban air PM (Brits et al., 2004).

In addition to studies in cultured human 
lymphocytes, the induction of MN by suspended 
PM or extracts of PM was also investigated in 
human cell lines. Oh et al. (2011) found signifi-
cant induction of MN in BEAS-2B human lung 
bronchial epithelial cells exposed to organic PM 
extracts and extract fractions from a high-traffic 
area in the Republic of Korea (Oh et al., 2011). 
Fractionation showed significant increases in 
MN for aliphatic, aromatic (i.e. PAHs), and 
slightly polar (i.e. nitro-PAHs and quinones) 
fractions. Significant increases in MN frequency 
were also induced in A549 human alveolar 

adenocarcinoma cells by water and organic 
extracts of industrial and residential particles 
from Mexico City (Roubicek et al., 2007), and in 
HS 27 human skin fibroblasts (Poma et al., 2002).

Animal cells
Significant increase in MN frequency were 

also observed in RAW 264.7 mouse macrophages 
exposed to suspensions of airborne PM from 
L’Aquila, Italy (Poma et al., 2006). Moreover, 
an organic extract of PM from Beijing, China, 
induced a significant dose-related increase in 
MN frequency in Balb/c 3T3 cells (Zhang et al., 
2003).

Sister chromatid exchanges

Human cells
Twenty-five studies investigated the induc-

tion of SCEs in cultured human lymphocytes 
and a variety of cultured animal cells exposed 
to organic PM extracts, and most of the studies 
showed significant increases in SCE frequency. 
Organic PM extracts assessed in cultured human 
lymphocytes include samples derived from PM 
collected in Lexington, Kentucky, USA (Viau 
et al., 1982), Silesia, Poland (Motykiewicz et al., 
1990), Lanzhou, China (Zhang & Li 1994; Wang 
& Ding 1998), West Virginia, USA (Krishna 
et al., 1984), and many sites in the Rhine–Ruhr 
region of Germany (Seemayer et al., 1984, 1987a, 
b, 1988, 1989, 1990a, 1990b; Hadnagy et al., 1986, 
1989; Hadnagy & Seemayer, 1987). Seasonal PM 
samples from Mexico City induced significant 
dose-related increases in SCE frequency, with the 
highest frequencies produced by samples taken 
in November and the lowest by samples taken in 
April (Calderón-Segura et al., 2004). Significant 
increases in SCE frequencies were induced in HS 
27 human skin fibroblasts exposed to suspen-
sions of PM from L’Aquila, Italy (Poma et al., 
2002), and in A549 human alveolar adenocarci-
noma cells and human BEAS-2B cells exposed 
to organic extracts of PM collected from the 
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Rhine–Ruhr region of Germany (Seemayer et al., 
1989; Hornberg et al., 1998).

Animal cells
A series of in vitro cytogenetic studies of 

organic extracts of PM from several locations 
within the Rhine–Ruhr region of Germany 
showed significant dose-dependent increases in 
SCE frequencies in primary tracheal epithelial 
cells from Syrian golden hamsters or Wistar rats 
(Seemayer et al., 1994; Hornberg & Seemayer, 
1995; Hornberg et al., 1996, 1997). Significant 
dose-related increases in SCE frequencies were 
also induced in primary bone marrow and 
spleen cells exposed to extracts of PM from West 
Virginia, USA (Krishna et al., 1986). Three inde-
pendent studies showed significant increases in 
SCE frequencies in Chinese hamster ovary cells 
exposed to extracts of PM from the Netherlands 
(de Raat, 1983), a coastal area in Finland (Pyysalo 
et al., 1987), and Athens, Greece (Athanasiou 
et al., 1987). Two independent studies showed 
significant increases in SCE frequency in Chinese 
hamster V79 cells exposed to organic extracts of 
PM from the Netherlands (Alink et al., 1983) and 
Paris, France (Courtois et al., 1988). The study 
in Finland noted that concentrates of SVOCs 
collected on XAD-2 resin consistently elicited 
stronger responses compared with PM extracts 
(Pyysalo et al., 1987).

A study by Yang et al. (1994) showed 
that extracts of airborne PM of various sizes 
(< 1.1 µm, 1.1–2.0 µm, 2.0–3.3 µm, 3.3–7.0 µm, 
and > 7.0 µm) collected from industrial, residen-
tial, and suburban districts in Taiyuan, China, 
induced significant dose-related increases in 
SCEs in Chinese hamster lung cells (Yang et al., 
1994). The authors also observed that a greater 
response was produced by extracts of small-
er-sized PM and that SCE induction was posi-
tively correlated with PAH concentrations.

In summary, substantial evidence consist-
ently shows that organic extracts, water extracts, 
or suspensions of outdoor air PM from urban or 

industrial areas induce significant dose-related 
cytogenetic effects (CAs, aneuploidy, MN, and 
SCEs) in cultured human lymphocytes, human 
cell lines, cultured animal primary cells, or 
animal cell lines in vitro.

4.2.3 DNA damage and protein adducts

(a) DNA adducts

(i) Humans
Studies on DNA adducts in humans after 

exposure to polluted outdoor air are summa-
rized in Table 4.7.

A systematic review (Demetriou et al., 
2012) evaluated DNA adducts as one of several 
biomarkers with the potential to contribute 
an intermediate end-point in the association 
between air pollution and lung cancer and graded 
DNA adducts in leukocytes as A for evidence, A 
for replication, and B for bias.

In an early study of the effects of outdoor air 
pollution, male residents of an industrial and 
highly polluted city in Poland (Gliwice) were 
compared with men from a rural part of the 
country (Biała Podlaska) (Perera et al., 1992). 
Both summer and winter samples were analysed 
by enzyme-linked immunosorbent assay (ELISA) 
and by 32P-postlabelling for PAH–DNA adducts 
and aromatic DNA adducts. The exposed resi-
dents of Gliwice had significantly increased 
PAH–DNA and aromatic adducts compared 
with rural residents. For the winter samples, the 
Gliwice values were significantly greater than 
the rural values by ELISA only, and the same 
was found for the summer samples. The Gliwice 
winter values were also significantly greater than 
the Gliwice summer values by both methods of 
analysis. Other comparisons that were statisti-
cally significant were by 32P-postlabelling: control 
winter values were greater than exposed summer 
values, and exposed winter values were greater 
than control summer values (see Table 4.7).
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Other studies in Poland have focused on 
mother–newborn pairs. Analysis by immu-
noassay (ELISA) for PAH–DNA adducts of 
maternal and cord white blood cells of mothers 
and newborns from Cracow found significant 
correlations between adduct levels and outdoor 
air pollution levels (PM10) close to their places of 
residence (Whyatt et al., 1998). In a subsequent 
study, the Cracow cohort was compared with a 
rural cohort from Limanowa, and differences 
in adduct levels between the urban and rural 
groups were not significant (Perera et al., 1999); 
however, it was noted that there was heavier use 
of coal for home heating in the rural district than 
in the city. Among non-coal users only, adduct 
levels in Cracow maternal samples were signifi-
cantly higher than those in Limanowa maternal 
samples.

In a subsequent study of a larger group of 
Cracow women, PAH exposure was estimated 
from personal air monitors worn during preg-
nancy (Kelvin et al., 2009). There was a signif-
icant interaction between prenatal exposure to 
PAHs and the levels of cord blood B[a]P–DNA 
adducts, determined by high-performance liquid 
chromatography (HPLC)/fluorescence analysis. 
This association was stronger in babies with low 
blood levels of α-tocopherol and carotenoids.

An early study measured DNA adducts by 
32P-postlabelling in the lymphocytes of taxi 
drivers, urban bus drivers, suburban bus drivers, 
and controls (hospital workshop workers) in 
Stockholm, Sweden (Hemminki et al., 1994). The 
adduct levels in the taxi drivers and the suburban 
bus drivers were significantly higher than those 
in the controls (P < 0.01 and P < 0.001, respec-
tively), but the adduct levels in urban bus drivers 
were not significantly different from those in the 
controls.

Another study investigated DNA adducts in 
bus drivers in Copenhagen, Denmark (Nielsen 
et al., 1996a). Significantly higher DNA adduct 
levels were found in the drivers in central 
Copenhagen compared with those driving in 

outer areas, and all driver groups had signifi-
cantly higher levels than controls consisting of 
rural dwellers or the general population.

A study on rickshaw drivers in Dhaka City, 
Bangladesh, used ELISA to detect PAH–DNA 
adducts in white blood cells (Rahman et al., 
2003). A higher proportion of the drivers, who 
were not shielded or protected from exposure 
to traffic pollution, had detectable DNA adducts 
than a control group of unexposed people (19/46 
vs 11/48; P = 0.06), and the mean adduct level was 
significantly higher in the rickshaw drivers than 
in the controls (overall, P = 0.04; for those with 
detectable adducts, P = 0.01).

Studies in the Czech Republic have focused 
on comparisons of residents of a highly industri-
alized and polluted region, Northern Bohemia, 
with those of a relatively unpolluted rural part 
of the country. When women in Teplice (in 
the industrialized region) were compared with 
women in Prachatice (rural control), significant 
associations between bulky DNA adducts in 
white blood cells and individual levels of expo-
sure to PAHs (measured by personal air moni-
tors) were found (Binková et al., 1996). A study 
of the placentas of mothers in Teplice detected 
bulky DNA adducts by 32P-postlabelling and 
PAH–DNA adducts by immunohistochemistry 
that were unrelated to the smoking status of the 
women (Pratt et al., 2011).

One study of male police officers working 
outdoors in the downtown area of Prague found 
a correlation between bulky DNA adducts in 
their lymphocytes and air levels of PAHs at the 
various sampling times (Topinka et al., 2007), but 
another study that compared male police officers 
in Prague with residents of the city did not find 
a difference in overall adduct levels between the 
two groups, although the level of a B[a]P-like 
adduct was significantly higher in the exposed 
group (Binková et al., 2007).

Comparisons of Prague residents with those 
of an area of higher pollution, the industrialized 
region of Ostrava, revealed that levels of B[a]P-like 
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adducts in lymphocytes were positively affected 
by B[a]P exposure levels for the Ostrava resi-
dents but not for Prague residents (Rossner et al., 
2013a). Although B[a]P concentrations were 
higher in Ostrava, levels of B[a]P-like adducts 
were higher in Prague. For total bulky adducts, 
levels in both cohorts were negatively associated 
with B[a]P and pollution levels.

A study that monitored residents of Prague 
(Czech Republic), Košice (Slovakia), and Sofia 
(Bulgaria) compared several biomarkers of 
exposure, including DNA adducts detected by 
32P-postlabelling (Singh et al., 2007a). Levels of 
total bulky DNA adducts, and also of B[a]P-like 
adducts, negatively correlated with levels of the 
oxidatively generated lesion 8-oxodG in DNA.

In a study that compared non-smoking 
men in Athens, Greece, with men in urban and 
rural areas of Denmark, the median adduct 
levels in white blood cells (Athens) or lympho-
cytes (Denmark) were significantly different in 
the three groups; levels in Athens were higher 
than those in urban Denmark, and levels in 
urban Denmark were higher than those in rural 
Denmark (Nielsen et al., 1996b). However, in 
another study of students living in Copenhagen, 
Denmark, there was no significant associa-
tion between levels of bulky DNA adducts in 
lymphocytes and two exposure markers – levels 
of PM2.5 and black smoke – measured by personal 
exposure monitors (Sørensen et al., 2003a). 
Also, among mother–newborn pairs living in 
Copenhagen, adduct levels were significantly 
elevated in maternal and cord blood of those 
living in medium-traffic-density areas, but not 
of those living in high-traffic-density areas, rela-
tive to those living in low-traffic-density areas 
(Pedersen et al., 2009)

Several studies in Italy have shown a posi-
tive association between exposure to outdoor air 
pollution and DNA adduct levels. Traffic police 
had significantly higher levels of bulky DNA 
adducts in white blood cells than age-matched 
urban residents (Merlo et al., 1997). Police officers 

in Genoa had a significantly higher median DNA 
adduct level than office workers (Peluso et al., 
1998). Traffic-exposed workers in Florence had 
significantly higher DNA adduct levels than 
urban residents (Palli et al., 2001), with a signifi-
cant correlation between adduct levels and ozone 
concentrations (cumulative exposure) (Palli et al., 
2004). DNA adduct levels in white blood cells in 
traffic-exposed workers in Florence correlated 
with average levels of exposure to PM10 (Palli 
et al., 2008). When urban (Pisa) and suburban 
(Cascina) residents were compared for antibodies 
to B[a]P diol epoxide (BPDE)–DNA adducts in 
serum, there was a significant excess prevalence 
of antibody positivity among the urban residents 
(Petruzzelli et al., 1998). However, the same 
measurement carried out among police officers 
in Rome found only a non-significant increase 
(P  =  0.095) among traffic police (10/134 posi-
tive for antibodies) compared with those with 
office duties (1/60 positive) (Galati et al., 2001). 
An earlier study of newspaper vendors, in whom 
bulky DNA adducts were measured in lympho-
cytes, did not find a difference between those 
working in high-traffic areas and those working 
in low-traffic areas of Milan (Yang et al., 1996).

In Thailand, schoolchildren in Bangkok 
were found to be exposed to levels of airborne 
PAHs 3.5-fold higher than those in a rural area 
(Ruchirawat et al., 2007, Tuntawiroon et al., 
2007); in the same study, mean levels of bulky 
DNA adducts in blood lymphocytes in the 
Bangkok schoolchildren were 5 times those in the 
rural schoolchildren. Bangkok traffic police had 
significantly higher levels of bulky DNA adducts 
than office-based police (Ruchirawat et al., 2002). 
Another Thai study, of residents near an indus-
trial estate, found higher bulky adduct levels in 
white blood cells (Peluso et al., 2008) and also 
lower methylation of the p53 gene, an epigenetic 
effect, associated with increased levels of DNA 
adducts (Peluso et al., 2012).

A study of placental DNA samples from 
Ukraine (exposed group) compared them with 
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samples from a rural area of Poland (control 
group) for DNA adducts measured by immu-
noassay (Obolenskaya et al., 2010). A higher 
proportion of the Ukrainian group had detect-
able levels of PAH–DNA adducts compared with 
the Polish group, and those newborns with the 
most compromised health status also had the 
highest adduct levels. Among residents of Mexico 
City, whose white blood cell DNA was monitored 
by the same immunoassay technique as for the 
Ukrainian and Polish placental samples, it was 
found that the seasonal variation in the mean 
adduct level correlated with airborne concen-
trations of PM10 and PM2.5; all parameters were 
higher in the dry season than in the rainy season 
(García-Suástegui et al., 2011).

A single study in Africa found similar results 
to those of the studies in Europe and Asia; in 
Benin, levels of bulky DNA adducts in lympho-
cytes were significantly higher among urban 
residents than among people living in suburban 
or village environments (Ayi-Fanou et al., 2011).

Studies of non-smoking mother–newborn 
pairs in Tongliang, China, a city whose principal 
source of air pollution was a coal-fired power plant, 
have also measured the effect on birth outcomes 
and subsequent child development. When meas-
ured by HPLC/fluorescence, B[a]P–DNA adduct 
levels in cord blood, but not in maternal blood, 
were associated with decreased weight at up to 
30 months and decreased head circumference at 
birth (Tang et al., 2006). Increased adduct levels 
in cord blood were also associated with several 
physical and cognitive scores measured at age 
2 years (Tang et al., 2008). The subsequent closure 
of the power plant yielded the opportunity to 
make comparisons between infants born before 
the closure and those born after the closure. 
The associations between elevated adduct levels 
in cord blood and deficiencies in development 
seen in the earlier cohort were not seen in the 
post-closure cohort of infants, suggesting the 
benefit of reduced exposure to air pollution of 

children prenatally and/or postnatally (Perera 
et al., 2008).

Collectively, the majority of these studies 
demonstrate the presence of elevated levels of 
DNA adducts in adults occupationally exposed 
to outdoor air pollution, relative to compa-
rable groups in environments with lower levels 
of pollution. Seasonal differences were also 
observed. Studies in children and newborns have 
found similar differences.

(ii) Experimental studies – in vivo systems
See Table 4.8.
When cyclohexane extracts of air particles 

from rural and urban areas of Sicily, Italy, were 
instilled intratracheally in rats for 5 consecutive 
days, they were found to lead to the formation of 
lung DNA adducts, detected by 32P-postlabelling 
and synchronous fluorescence spectroscopy 
(Izzotti et al., 1996). Higher levels of adducts 
were found in the animals treated with the 
urban extract than in those treated with the rural 
sample.

Feral pigeons were caught at four different 
locations in the Netherlands and analysed for 
their DNA adduct levels in kidney, lung, and liver 
(Schilderman et al., 1997). Although the levels 
of PAHs in the particulate samples reflected the 
density of traffic at each location, no differences 
were found in the tissue adduct levels (meas-
ured by 32P-postlabelling) in pigeons from the 
different sites.

Extracts of airborne particles from Shanghai, 
China, when tested on mouse skin, gave rise to 
DNA adducts, detected by 32P-postlabelling, in 
the skin, liver, and kidney, but not in the lung, 
of the animals (Zhao et al., 2003). Most of the 
genotoxic activity of the fractions was attributed 
to the PAH component of the extracts.

When mice were exposed to diesel exhaust 
particles by inhalation, increased levels of bulky 
DNA adducts (detected by 32P-postlabelling) 
were formed in their lungs (Dybdahl et al., 2004). 
In another study, oral exposure of pregnant mice 
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to diesel exhaust particles resulted in detectable 
levels of bulky DNA adducts in the embryos 
(Reliene et al., 2005).

In a study investigating the germline muta-
genicity of outdoor air pollution, a group of mice 
was exposed in situ in the vicinity of steel mills and 
a major highway (Yauk et al., 2008). When mouse 
samples were analysed by 32P-postlabelling, bulky 
DNA adducts were detected in lung tissue but 
were below the limit of detection in testis tissue.

(iii) Experimental studies – in vitro systems
See Supplemental Table S11 (available online).

Human cells
Air samples from Prague (Czech Republic), 

Košice (Slovakia), and Sofia (Bulgaria) were 
compared in metabolically competent human 
hepatoma HepG2 cells, human diploid lung 
fibroblasts (HEL), and the human monocytic 
leukaemia cell line THP-1 (Sevastyanova et al., 

2007). DNA adduct formation was highest in 
HepG2 cells, followed by HEL and then THP-1 
cells. Winter samples were more active than 
summer samples; for the winter samples, the 
activity was highest for Prague, followed by Sofia 
and then Košice, but for the summer samples, 
the order was reversed, with the highest activity 
for Košice, followed by Sofia and then Prague. 
However, when the activities were related to the 
extractable content per cubic metre of air, the 
Sofia samples had the highest genotoxic activity 
regardless of the sampling period.

Animal cells
SRM 1649a was extracted with DCM and 

fractionated before testing for DNA adduct-
forming activity in rat liver epithelial WB-F344 
cells (Andrysík et al., 2011). When analysed by 
32P-postlabelling and HPLC, the crude extract 
formed only one major adduct peak, which 
corresponded with the (+)-anti-BPDE–dG 

Table 4.8 DNA adducts in animals in vivo exposed to outdoor air pollution or extracts of air 
particles

Material or exposure Species; route of 
exposure

Method of analysis Results Reference

Extracts of diesel 
exhaust

Mice; applied topically 
to skin

32P-postlabelling DNA adducts detected in lung 
> skin > liver

Gallagher et al. 
(1990)

Extracts of air particles 
from rural and urban 
sites in Sicily, Italy

Rats; intratracheal 
instillation

32P-postlabelling; 
synchronous 
fluorescence 
spectroscopy

DNA adducts detected in 
lung. Urban > rural

Izzotti et al. 
(1996)

Feral pigeons caught 
at 4 locations in the 
Netherlands

Pigeons; 
environmental 
exposure

32P-postlabelling DNA adducts detected in 
kidney, liver, and lung. No 
association with PAH levels at 
each city site

Schilderman 
et al. (1997)

Extracts of airborne 
particles from Shanghai, 
China

Mice; applied topically 
to skin

32P-postlabelling DNA adducts detected in 
skin, liver, and kidney; not 
detected in lung

Zhao et al. 
(2003)

Diesel exhaust particles Mice; inhalation 32P-postlabelling DNA adducts detected in lung Dybdahl et al. 
(2004)

Diesel exhaust particles Pregnant mice; oral 
exposure

32P-postlabelling DNA adducts detected in 
embryos

Reliene et al. 
(2005)

Vicinity of steel mills 
and major highway

Mice; environmental 
exposure

32P-postlabelling DNA adducts detected in lung 
(somatic tissue) but not in 
testis (germline tissue)

Yauk et al. 
(2008)

PAHs, polycyclic aromatic hydrocarbons.

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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adduct. When analysed by 32P-postlabelling and 
thin-layer chromatography, the crude extract 
and the non-polar fraction (containing PAHs, 
methylated PAHs, polychlorinated biphenyls, 
and polychlorinated dibenzodioxins/furans) 
gave rise to detectable adducts, but the polar 
fraction (containing oxygenated derivatives of 
PAHs) did not.

Air samples from the Czech Republic have 
also been tested in cellular assays for DNA 
adducts. Crude and fractionated DCM extracts 
of air samples from Teplice (industrialized area) 
and Prachatice (rural area) were incubated with 
cultured rat hepatocytes and Chinese hamster 
V79NH lung cells expressing nitroreductase 
activity (Topinka et al., 2000). In hepatocytes, the 
highest DNA adduct-forming activity was found 
in the fractions containing most of the PAHs and 
nitro-PAHs, and in V79NH cells, the highest 
levels were caused by the fraction containing 
only nitro-PAHs. Winter samples had 3–4-fold 
higher binding potential than summer samples.

Acellular systems
Several studies have investigated the effect of 

extracts of air samples from areas of the Czech 
Republic with different levels of air pollution 
on calf thymus DNA in the presence of S9. The 
extent of DNA adduct formation, detected by 
32P-postlabelling, was determined.

Overall, these studies demonstrated the 
potential of organic extracts of air sample 
particulates to form DNA adducts when incu-
bated with DNA in the presence of an acellular 
metabolizing system, and when incubated with 
mammalian cells. Samples collected in the 
winter were generally more active than samples 
collected in the summer.

(b) Protein adducts

Several studies (see Supplemental Table S12, 
available online) have investigated the value of 
protein adducts in monitoring human exposure 
to environmental carcinogens, by comparing 

residents of cities with those living in rural 
environments, or by comparing occupations 
resulting in exposure to outdoor air pollution, 
such as bus and taxi drivers, with occupations 
with bystander exposure to air pollution, such 
as traffic police or street newspaper vendors, and 
with workers with indoor occupations. Most of 
these studies have used B[a]P as the standard 
pollutant and have measured adducts of its acti-
vated form, BPDE, with either haemoglobin 
in red blood cells or albumin in blood serum, 
mainly by ELISA or HPLC and GC-MS. The 
potential for such adducts to result from tobacco 
smoking or diet has generally been recognized, 
and most studies have attempted to control for 
these exposures.

In a study that also measured DNA adducts 
(see Section  4.2.3a(i)), Hemminki et al. (1994) 
measured PAH–plasma protein adduct levels in 
taxi drivers (n = 19), urban bus drivers (n = 26), 
suburban bus drivers (n  =  21), and controls 
(n = 21) in Stockholm, Sweden. The levels were 
significantly elevated, relative to controls, in the 
taxi drivers (P < 0.001) but not in either group of 
bus drivers.

Studies comparing residents of industrial-
ized, polluted regions of countries with resi-
dents of rural, unpolluted regions of the same 
countries have shown mixed results. Such a 
study in Denmark found that the rural residents 
(n  =  29) had non-significantly higher levels of 
albumin adducts compared with urban resi-
dents (n = 73) (Nielsen et al., 1996b). A study of 
mothers and newborns in Denmark found that 
among non-smoking women resident in a rural 
area, adduct levels were significantly lower in a 
suburban group (n  =  37) than in city dwellers 
(n  =  40), but levels in rural dwellers were not 
significantly different from those in city dwellers 
(Autrup & Vestergaard, 1996). Levels of albumin 
adducts in cord blood were lower than those in 
maternal blood, and adduct levels in maternal 
blood were slightly higher in smokers and rural 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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residents than in non-smokers and suburban and 
city dwellers.

A study in the Czech Republic found no signif-
icant difference in serum albumin adduct levels 
between women in a polluted region (Teplice, 
n = 30) and those in a rural region (Prachatice, 
n = 30) (Binková et al., 1996). A study in Poland 
found that plasma albumin adduct levels in rural 
controls (n  =  45) were significantly lower than 
those in exposed residents (n  =  36) (summer 
samples) but were not correlated with air levels 
of B[a]P (stationary sampling) (Kure et al., 1997).

In a study of residents of Munich, Germany, 
that also considered diet and smoking as possible 
sources of B[a]P–protein adducts, adduct levels 
did not correlate with estimated dietary intake 
of B[a]P. Levels of albumin and haemoglobin 
adducts of B[a]P tended to be higher in suburban 
residents than in city dwellers; this was of border-
line significance for B[a]P–albumin (Scherer 
et al., 2000).

A study in Germany analysed aromatic 
amine–haemoglobin adducts in children aged 
7  years and found the highest levels of several 
aromatic amine adducts in children from 
Munich (population, 1.3 million); children from 
Augsburg (population, 250 000) had intermediate 
levels, and children from Eichstätt (population 
13 000) had the lowest levels (Richter et al., 2001).

A study of traffic police (n = 44) in Bangkok, 
Thailand, found that they had significantly higher 
levels of BPDE–serum albumin adducts than 
police working in offices (n  =  45) (Ruchirawat 
et al., 2002). A study of street newspaper vendors 
in Milan, Italy, found that those working at sites 
with high traffic flow (n = 30) had significantly 
higher levels of BPDE–haemoglobin adducts 
than those working at low-traffic sites (n  =  23) 
(Pastorelli et al., 1996).

Thus, in most, but not all, of these studies of 
protein adducts, levels in urban dwellers were 
higher than those in suburban and rural dwellers, 
with elevated levels found in workers occupa-
tionally exposed to traffic pollution, similar to 

findings in studies that measured DNA adducts 
(see Section 4.2.3a).

(c) DNA strand breaks

(i) Humans – in vivo studies
Associations between air pollution and 

biomarkers of oxidative stress, including DNA 
strand breaks, have been assessed in a variety 
of biomonitoring studies, including controlled 
exposure, panel, and cross-sectional studies. The 
controlled exposure studies have typically been 
better than panel and cross-sectional studies 
because of better control for possible confounders. 
Table  4.9 provides an overview of studies that 
have assessed the association between air pollu-
tion exposure and DNA strand breaks in cells 
from humans.

In Belgium, a cross-sectional study showed 
that subjects in locations with heavy industry 
had increased levels of DNA strand breaks in 
leukocytes compared with subjects in low-pol-
lution areas (Staessen et al., 2001). The levels of 
DNA strand breaks in leukocytes correlated with 
ozone levels as well as urinary excretion of 1-OHP 
and benzene metabolites (trans,trans-muconic 
acid [t,t-MA] and o-cresol) in univariate models 
(Koppen et al., 2007; Staessen et al., 2001). A 
later cross-sectional study in Belgium of subjects 
in areas with different types of air pollution 
showed that the highest levels of DNA strand 
breaks in leukocytes were observed in subjects 
living closest to air pollution sites, whereas there 
was no correlation between exposure markers 
(t,t-MA and 1-OHP) and levels of DNA strand 
breaks (De Coster et al., 2008; Ketelslegers et al., 
2008).

A study in Benin investigated the association 
between four groups of exposed subjects, encom-
passing taxi-moto drivers in the city of Cotonou, 
subjects living near roads with heavy traffic or 
in the suburbs, and village controls. Exposure to 
air pollution was determined by urinary excre-
tion of benzene metabolites and the number 
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concentration of ultrafine particles (UFP) at 
specific sites in Cotonou or in the village (midday 
1-hour average, 6961–265  145  UFP/cm3). In 

addition, the personal exposure level of benzene 
was assessed as S-phenyl mercapturic acid 
(S-PMA) excretion in urine. The authors showed 

Table 4.9 DNA strand breaks in blood cells from humans exposed to outdoor air pollution

Exposure Exposure assessment Reference

Subjects living in a rural village and 2 
suburbs of Antwerp, Belgium

O3: 15–58 µg/m3 
1-OHP (urine) 
t,t-MA (urine) 
o-Cresol (urine)

Koppen et al. (2007); 
Staessen et al. (2001)

Subjects living in Flanders, Belgium 1-OHP (urine) 
t,t-MA (urine)

De Coster et al. (2008); 
Ketelslegers et al. (2008)

Taxi-moto drivers, people living or 
working near busy roads, and rural 
controls in Benin

Outdoor (stationary) sampling of UFP (midday 
1 h concentration at a busy street intersection 
and a town square in a rural village, 265 145 and 
6961 UFP/cm3, respectively) and urinary excretion 
of S-PMA

Avogbe et al. (2005)

People living near or working at an oil 
refinery plant and controls from another 
location in Brazil

PM10: 9–62 µg/m3 (in the location of the oil refinery 
plant)

Coronas et al. (2009)

Subjects living in towns with or without 
industrial areas in Brazil

TSP: higher in the towns with industry 
(84–154 µg/m3) than in non-industrial towns 
(28–104 µg/m3)

Pereira et al. (2013)

Male police officers working in traffic or 
indoors in Shanghai, China

Level of exposure was obtained by personal 
monitoring of PM2.5 in traffic police 
(115.4 ± 46.2 µg/m3) and officers working indoors 
(74.9 ± 40.1 µg/m3)

Li et al. (2010)

Traffic police working in traffic or indoors 
in 8 districts in Guangzhou, China

NR Zhu et al. (2003)

Mothers and newborn children in Teplice 
and Prachatice, Czech Republic

Air pollution levels were not specified, but levels 
of PM were typically higher in Teplice than in 
Prachatice

Srám et al. (1998)

Panel study of subjects in Teplice, Czech 
Republic

Personal PAH concentration in PM2.5 (6.2–10 ng/m3) Binková et al. (1996)

Police officers and controls in Prague, 
Czech Republic

Outdoor and personal PAH concentration (6.5 and 
12.4 ng/m3 in February; 3.7 and 16.7 ng/m3 in June)

Cebulska-Wasilewska et al. 
(2005)

Police officers and a control group of 
subjects who were matched for age, sex, 
and length of employment in Prague, 
Czech Republic

PM2.5 (stationary monitoring data: 33 ± 40 μg/m3 
and 15 ± 9 μg/m3) 
PAHs (personal exposure: 8.5 ± 9 ng/m3 and 
3.0 ± 3.4 ng/m3)

Novotna et al. (2007)

Bus drivers, garage workers, and controls 
in Prague, Czech Republic

Personal PAH concentration (3.9–5.7 ng/m3) Bagryantseva et al. (2010)

Subjects living in Copenhagen, Denmark Benzene (personal exposure and urinary excretion 
of S-PMA)

Sørensen et al. (2003c)

Panel study of students living in 
Copenhagen, Denmark

Personal PM2.5: 16.1 (10–24.5) μg/m3 
PM2.5: 9.2 (5.3–14.8) μg/m3 (stationary monitoring 
stations)

Sørensen et al. (2005)

Subjects exposed to outdoor air while 
bicycling in Copenhagen, Denmark

Personal UFP: 32 400 and 13 400 UFP/cm3 
PM10: 23.5 μg/m3 (street) and 16.9 μg/m3 
(background) 
NO2: 32.1 and 24.2 μg/m3 (street) and 11.3 μg/m3 
(background)

Vinzents et al. (2005)
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a positive relationship between the levels of DNA 
strand breaks in peripheral blood mononuclear 
cells (PBMCs) and air pollution levels in terms 
of either the outdoor air concentration of UFP 
or the S-PMA concentrations in urine (Avogbe 
et al., 2005).

In a study in Brazil, subjects living at a loca-
tion near an oil refinery plant had higher levels 
of DNA strand breaks in lymphocytes compared 
with subjects from a city that was characterized 
as having little traffic and industry (Coronas 
et al., 2009). Another study in Brazil, with the 
same type of study design, showed no differ-
ence in the level of DNA strand breaks between 

subjects from urban industrialized and non-in-
dustrialized areas (Pereira et al., 2013). It should 
be noted that the results might be biased because 
it is difficult to separate the effect of air pollu-
tion exposure from the other variables that differ 
between subjects from different locations.

A study of traffic police and a matched group 
of reference subjects (officers working mainly 
indoors) in Shanghai, China, assessed exposure 
by personal monitoring of PM2.5 and measured 
levels of DNA strand breaks in lymphocytes by 
the comet assay. The subjects were smokers or 
had stopped smoking for more than 6  months 
(including family members) before the study. The 

Exposure Exposure assessment Reference

Controlled exposure to outdoor air in 
a chamber for 24 h in Copenhagen, 
Denmark

Personal UFP: 6169–15 362 UFP/cm3 (unfiltered air) 
and 91–542 UFP/cm3 (filtered air) 
NOx: 25.3 ppb (unfiltered air), 28.3 ppb (filtered air), 
11.6 ppb (background), and 59.5 ppb (busy street) 
O3: 12.1 ppb (unfiltered air), 4.3 ppb (filtered air), 
30.1 ppb (background), and 19.5 ppb (busy street)

Bräuner et al. (2007)

Subjects living within Athens (urban) or 
outside Athens (rural), Greece

None Piperakis et al. (2000)

Subjects living in Florence (polluted area) 
and Sassari (non-polluted area), Italy

PM10: 31–67 µg/m3 
NOx: 17–100 µg/m3 
SO2: 2.9–6.5 µg/m3 
O3: 17–75 µg/m3

Pacini et al. (2003)

Subjects in Florence, Italy O3 (stationary monitoring data): 15–75 µg/m3 Giovannelli et al. (2006)
Traffic police and controls in Rome, Italy Benzene: 3.8–9.5 µg/m3 Carere et al. (2002)
Children and adults living in a low-
pollution area and in Mexico City, 
Mexico

O3: 269 ppb (average maximum) 
NO2: usually < 53 ppb 
SO2: usually < 30 ppb

Calderón-Garcidueñas 
et al. (1996, 1997)

Panel study of subjects in Mexico City, 
Mexico

NR Fortoul et al. (2010)

Students in Mexico City, Mexico O3: 115–172 ppb Rojas et al. (2000)
Children living in a low-pollution area 
and in Mexico City, Mexico

PM10: < 14 to 53–61 µg/m3 
O3: < 10 to 261 ppb (max)

Calderón-Garcidueñas 
et al. (1999)

Police officers working in traffic or 
indoors in Bangkok, Thailand

Personal benzene (8–50 µg/m3), t,t-MA, S-PMA, and 
1,3-butadiene (0.3–4.1 µg/m3) exposure

Arayasiri et al. (2010)

Children living in a rural area (Chonburi) 
and an urban area (Bangkok) in Thailand

Benzene (outdoor monitoring and personal 
exposure)

Buthbumrung et al. (2008); 
Ruchirawat et al. (2006, 
2007)

Schoolchildren in Bangkok and a low-
pollution area in Thailand

PAH: 2–26 ng/m3 
1-OHP excretion

Tuntawiroon et al. (2007)

h, hour or hours; NO2, nitrogen oxide; NOx, nitrogen oxides; NR, not reported; 1-OHP, 1-hydroxypyrene; O3, ozone; PAHs, polycyclic aromatic 
hydrocarbons; PM, particulate matter; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with 
particles of aerodynamic diameter < 2.5 μm; SO2, sulfur dioxide; S-PMA, S-phenyl mercapturic acid; TSP, total suspended particles; t,t-MA, 
trans,trans-muconic acid; UFP, ultrafine particles.

Table 4.9  (continued)
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personal monitoring data indicated that traffic 
police were exposed to higher levels of PM2.5 
(115.4  ±  46.2  µg/m3) compared with officers 
working indoors (74.9  ±  40.1  µg/m3). Traffic 
police had a higher percentage of lymphocytes 
with a comet tail compared with officers working 
indoors. In addition, the levels of DNA strand 
breaks, assessed as the average tail moment, were 
reported to be higher in lymphocytes from the 
group of traffic police compared with the group 
of officers working indoors (Li et al., 2010). [The 
Working Group noted that the statistical anal-
ysis of the reported results was based on the total 
number of cells from all the subjects, 100 scored 
nuclei per subject times the number of subjects, 
giving rise to group sizes of more than 10 000 data 
points for approximately 100 subjects per group. 
This is at odds with the standard procedure of 
statistical analysis for the comet assay.] Another 
study of police officers from eight districts in 
Guangzhou, China, showed that traffic police had 
significantly higher frequencies of DNA strand 
breaks in lymphocytes, measured as the comet 
tail length (4.2 µm; 95% confidence interval [CI], 
3.98–4.42 µm), compared with officers working 
indoors (3.23  µm; 95% CI, 2.82–3.70  µm) 
(P < 0.001, F = 9.23, t-test). Smoking was identi-
fied as a confounding factor, although the results 
showed that traffic exhaust exposure was the 
main factor for the level of DNA strand breaks 
in lymphocytes (Zhu et al., 2003).

Several studies in the Czech Republic have 
assessed DNA strand breaks in people with 
different occupations or living in areas character-
ized by high or low air pollution levels. The early 
studies focused on differences in air pollution 
exposures between the regions of Teplice (indus-
trial site) and Prachatice (low-pollution area). 
The Teplice area has higher air pollution levels 
than the Prachatice area. For instance, the PM2.5 
levels were 122 µg/m3 in Teplice and 44 µg/m3 in 
Prachatice during the winter of 1993 (Srám et al., 
1996). During the summer of 1993, the levels were 
29 µg/m3 in Teplice and 18 µg/m3 in Prachatice 

(Srám et al., 1996). In the subsequent years, the 
levels of air pollution were higher in Teplice than 
in Prachatice, although the differences were less 
dramatic than during the winter of 1993. During 
the summer of 1993 and the winter of 1998, the 
typical PM10 levels were 40–60 µg/m3 in Teplice 
and 20–40 µg/m3 in Prachatice (Srám et al., 1999). 
These early studies showed that personal expo-
sures to PAHs in respirable particles correlated 
with levels of DNA strand breaks in lymphocytes 
(Binková et al., 1996). Mothers and children from 
the Teplice area and the Prachatice area had the 
same levels of DNA strand breaks in leukocytes 
(Srám et al., 1998). In Prague, police officers with 
personal exposure to PAHs had the same level of 
DNA strand breaks in lymphocytes as controls, 
although there was a difference in exposure. The 
personal PAH levels for the police officers and the 
controls were 6.5 ng/m3 and 12.4 ng/m3, respec-
tively, in February and 3.7 ng/m3 and 16.7 ng/m3, 
respectively, in June (Cebulska-Wasilewska et al., 
2005). Another study of police officers showed 
higher levels of DNA strand breaks in lympho-
cytes in the season with a high level of air 
pollution exposure (January; PM2.5 = 33 µg/m3), 
whereas there was no effect in the season with a 
low level of air pollution exposure (September; 
PM2.5 = 15 µg/m3) (Novotna et al., 2007). A study 
of bus drivers, garage workers, and office workers 
(controls) showed increased levels of DNA strand 
breaks in lymphocytes of workers exposed to air 
pollution (Bagryantseva et al., 2010).

A panel study of students who were living 
in the centre of Copenhagen, Denmark, showed 
no association between levels of DNA strand 
breaks in lymphocytes and personal exposure to 
PM2.5 in the range of 10–24.5  µg/m3 (Sørensen 
et al., 2003a, b). Another study of residents of 
Copenhagen used benzene as marker of urban 
air pollution exposure and also showed no asso-
ciation between urinary excretion of S-PMA 
and levels of DNA strand breaks in lymphocytes 
(Sørensen et al., 2003c). The effect of personal 
exposure to UFP in air pollution was investigated 
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in people bicycling for approximately 90 minutes 
in the laboratory or on traffic-heavy streets in 
Copenhagen. This study showed no association 
between personal exposure to UFP and levels of 
DNA strand breaks in PBMCs (Vinzents et al., 
2005). A later study on controlled exposure to air 
from a busy street in Copenhagen showed a corre-
lation between particles in the size mode with a 
median diameter of 57 nm (representing carbo-
naceous soot) and levels of DNA strand breaks 
in PBMCs, whereas the size mode with a median 
diameter of 23 nm (representing SVOCs of diesel 
exhaust) was not associated with elevated levels 
of DNA strand breaks (Bräuner et al., 2007).

Non-smoking subjects in Athens, Greece, 
had elevated levels of DNA strand breaks in 
lymphocytes compared with subjects in a rural 
area; there was no difference in levels of DNA 
strand breaks in lymphocytes between smokers 
in Athens and those in the rural area (Piperakis 
et al., 2000).

A study in Florence, Italy, showed a positive 
association between urban ozone concentrations 
(~75  µg/m3 in June and ~17  µg/m3 in January) 
and levels of DNA strand breaks in nasal epithe-
lial cells, and the residents of Florence had higher 
levels of DNA strand breaks and ozone exposure 
compared with people living in a city with a low 
air pollution level (45 µg/m3 in June) in Sardinia 
(Pacini et al., 2003). Another study of subjects in 
Florence showed a positive association between 
ozone concentrations and levels of DNA strand 
breaks in lymphocytes (Giovannelli et al., 2006). 
Police officers from Rome, Italy, had unaltered 
levels of DNA strand breaks in leukocytes 
compared with a control group of office workers, 
despite a large difference in benzene exposure 
(9.5 µg/m3 vs 3.8 µg/m3 as measured by personal 
air sampling during a work shift) between the 
groups (Carere et al., 2002).

A study among subjects in Mexico City 
showed an association between levels of ozone 
and numbers of nasal epithelial cells with DNA 
strand breaks among adults from different 

locations in the city and in a low-pollution 
Pacific coastal town (Calderón-Garcidueñas 
et al., 1996). Embedded in the same study was 
also an assessment of the effect in young adults 
who moved to Mexico City from low-pollution 
small towns; the number of nasal cells with DNA 
strand breaks in this group of subjects increased 
during the first 2 weeks after arrival (Calderón-
Garcidueñas et al., 1996). The same group of 
authors also showed that children in Mexico 
City had more nasal cells with DNA strand 
breaks compared with children in a low-pollu-
tion Pacific coastal town (Calderón-Garcidueñas 
et al., 1996, 1997). A seasonal variation was 
observed; samples of nasal epithelial cells that 
were collected during the autumn (with high 
air pollution levels) from a population chroni-
cally exposed to this atmospheric pollution had 
higher levels of DNA strand breaks compared 
with samples collected during the summer (with 
low air pollution levels) (Fortoul et al., 2010). A 
study of students in Mexico City showed that 
subjects living at a location with high outdoor 
air concentrations of ozone had elevated levels of 
DNA strand breaks in exfoliated tear duct cells 
compared with subjects from a location with 
lower ozone concentrations (Rojas et al., 2000). 
[This study had some limitations as judged by 
the standards that are used for comet assay anal-
ysis today. These include that the samples from 
exposed subjects and controls might have been 
collected and analysed at different times, without 
control for period effects, and that the results 
were reported as percentages of cells with DNA 
strand breaks rather than as numbers of lesions 
in the cells.] A later study by the same group 
investigated genotoxicity in nasal biopsies from 
children living in areas with different levels of 
exposure (a Pacific coastal town vs Mexico City) 
and showed positive associations between ozone 
exposure and elevated levels of DNA strand 
breaks in nasal cells (Calderón-Garcidueñas 
et al., 1999).
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A study in Thailand with a relatively large 
benzene exposure gradient (8–50 µg/m3) among 
traffic police and office-based police showed no 
association with levels of DNA strand breaks 
in leukocytes, whereas there was a correlation 
between the levels of 1,3-butadiene and levels 
of DNA strand breaks (Arayasiri et al., 2010). A 
series of publications from studies of schoolchil-
dren in Bangkok, compared with children in a 
provincial area (Chonburi), showed that the chil-
dren exposed to air pollution had higher levels of 
DNA strand breaks in leukocytes (Buthbumrung 
et al., 2008; Ruchirawat et al., 2006, 2007). 
Schoolchildren in Bangkok had higher levels of 
DNA strand breaks in lymphocytes compared 
with children from a low-pollution area in 
Thailand (Tuntawiroon et al., 2007).

(ii) DNA strand breaks in the respiratory 
system of animals in vivo

Several studies have assessed the level of 
DNA strand breaks in the lungs of animals after 
pulmonary exposure to air pollution particles 
(Table 4.10). Three studies in China have observed 
increased levels of DNA strand breaks in lung 
tissue after intratracheal instillation of relatively 
high doses of air pollution particles (7.5 mg/kg 
bw and 37 mg/kg bw) (Lin et al., 2009; Meng & 
Zhang, 2006b, 2007; Zhang et al., 2011). Another 
study in China collected TSP from a residential 
area in Minqin county, Gansu province, where 
sandstorms occurred frequently. Wistar rats 
were exposed to these sandstorm particles in 
suspension by intratracheal instillation at doses 
of 0, 1.5, 7.5, 37.5 mg/kg bw. The TSP exposure 
caused a dose-dependent increase in the level of 

Table 4.10 DNA strand breaks in lungs of animals in vivo

Particles Animal Extraction Dose and duration Effect Reference

Endotracheal instillation of 
PM2.5 from an unspecified 
location in China

Wistar 
rats

Water 
(sonication)

1.5 or 7.5 mg/kg bw Increased levels of DNA 
strand breaks (comet) in lung 
tissue

Lin et al. 
(2009)

Intratracheal instillation 
of PM2.5 collected during 
normal weather and dust 
storm in China

Wistar 
rats

Water 
(sonication)

1.5–37 mg/kg bw for 
24 h

Dose-dependent increases in 
levels of DNA strand breaks 
(comet) in lung for samples 
from both normal weather and 
dust storms

Meng & 
Zhang 
(2006b, 2007)

Intratracheal instillation of 
PM2.5 or PM10 from locations 
near to or far away from 
traffic in Beijing, China

Wistar 
rats

Water 
(sonication)

7.5 mg/kg bw once/d 
for 14 d, and killed 
at 24 h after the last 
instillation

Increased level of DNA strand 
breaks (comet) in lung tissue. 
PM2.5 generated higher levels 
of DNA strand breaks than 
PM10. Particles collected 
closest to traffic generated the 
highest levels of DNA strand 
breaks

Zhang et al. 
(2011)

Intratracheal instillation of 
TSP samples from Minqin 
county, Gansu province, 
China, where sandstorms 
occurred frequently

Wistar 
rats

Water 
(sonication)

1.5, 7.5, or 
37.5 mg/kg bw, and 
killed at 12, 24, 
or 48 h after the 
instillation

Dose-dependent increase in 
level of DNA strand breaks 
(comet) in lung tissue. Highest 
levels of DNA strand breaks 
observed at 12 h, and effects 
reduced at 24 h after treatment

Xu et al. 
(2008b)

Intratracheal instillation of 
SRM 1649 (urban dust)

ApoE−/− 
mice

NA 0.5 mg/kg bw at 26 h 
and 2 h before being 
killed

Unaltered levels of DNA 
strand breaks (comet) in lung 
tissue

Vesterdal 
et al. (2014)

bw, body weight; d, day or days; h, hour or hours; NA, not applicable; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; 
PM2.5, particulate matter with particles of aerodynamic diameter < 2.5 μm; SRM, standard reference mixture; TSP, total suspended particles.
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DNA strand breaks; the highest levels of DNA 
strand breaks were observed at 12  hours, and 
the effects were reduced at 24  hours after the 
exposure. The lowest dose that caused signifi-
cantly increased levels of DNA strand breaks was 
1.5 mg/kg bw (Xu et al., 2008b). However, another 
study on intratracheal instillation of SRM 1649 
(i.e. urban dust from Washington, DC, USA) 
showed that 0.5  mg/kg bw administered twice 
during 24 hours did not increase levels of DNA 
strand breaks in lung tissue in mice (Vesterdal 
et al., 2014). Researchers in Brazil studied native 
rodents (Ctenomys minutus) and showed a corre-
lation between environmental exposure to auto-
mobile emission and levels of DNA strand breaks 
in blood leukocytes (Heuser et al., 2002). Another 
study showed that dogs from different locations 
in São Paulo, Brazil, which had similar levels of 
PM10, also had the same levels of DNA strand 
breaks in cells from the olfactory or respiratory 
epithelium (Kimura et al., 2010).

(iii) Human and mammalian cells in vitro
Table  4.11 lists studies that have assessed 

levels of DNA strand breaks in cultured cells. 
Several studies have shown that suspensions of 
PM samples or EOM of PM samples generate the 
same levels of DNA strand breaks in cultured cells 
(Brits et al., 2004; Carreras et al., 2013; Gutiérrez-
Castillo et al., 2006; Healey et al., 2005; Jayasekher, 
2009; Perrone et al., 2013). In addition, SRM 1649 
particles retained the ability to generate DNA 
strand breaks in human fibroblasts after extrac-
tion in different solvents, including hexane, 
acetone, DCM, dimethyl sulfoxide (DMSO), 
and water (Karlsson et al., 2004). Another study 
on SRM 1648 (i.e. urban dust collected from St. 
Louis, Missouri, USA) showed that washed parti-
cles and the DCM extract generated lower levels 
of DNA strand breaks in THP-1 and A549 cells 
compared with the pristine particles (Don Porto 
Carero et al., 2001). [The concentration–response 
relationship was unclear.] Other studies have 
shown that suspensions of particles from cities 

in China generated DNA strand breaks in cells, 
as did the water and DCM extract of the particles 
(Meng & Zhang, 2007; Yi et al., 2014). Organic 
extracts of airborne particles with various sizes 
(< 1.1 µm, 1.1–2.0 µm, 2.0–3.3 µm, 3.3–7.0 µm, 
and > 7.0 µm) were also collected in a residen-
tial area in Taiyuan, China. Concentration-
dependent responses of levels of DNA strand 
breaks in human lymphocytes were observed for 
airborne particles; small particles generated the 
highest levels of DNA strand breaks. The lowest 
effect level for particles smaller than 3.3 µm was 
25 µg/mL (Zhang et al., 2004). The air pollution in 
Taiyuan consisted mainly of emissions from coal 
combustion, whereas the air pollution in Beijing 
was a mixture of coal combustion emissions and 
automobile exhausts. In Guangzhou, China, TSP 
and PM10 samples were collected in a residential 
area in spring; organic extracts were separated 
into three fractions by chromatography and used 
to study the generation of DNA strand breaks. 
TSP or PM10 extracts induced DNA strand 
breaks in human lymphocytes in a concentra-
tion-dependent manner. The aromatic hydro-
carbon fraction of the TSP or PM10 extract also 
induced a concentration-dependent increase in 
DNA strand breaks in human lymphocytes (Xu 
& Wang, 2008). In addition, the water extracts of 
PM2.5 from Guangzhou on days with haze during 
summer and winter generated a concentra-
tion-dependent increase in DNA strand breaks 
(Qin et al., 2012).

Suspension solutions of PM2.5 collected in 
Taiyuan, China, during the heating season caused 
a concentration-dependent increase in levels of 
DNA strand breaks in rat alveolar macrophage 
cells (Meng & Zhang, 2005). In another study, 
organic extracts and water extracts of PM2.5 
samples collected in Wuwei and Baotou, China, 
during normal weather or sandstorms caused 
a concentration-dependent increase in levels of 
DNA strand breaks in rat alveolar macrophage 
cells (Meng et al., 2006a). Zhang et al. (2003) 
reported that organic extracts of PM2.5 collected 
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at Beijing University caused a concentration-de-
pendent increase in levels of DNA strand breaks 
in Balb/c 3T3 cells. The lowest concentration of 
the organic extract that caused a significantly 
increased level of DNA strand breaks was 
1  m3  equiv/mL, whereas an aqueous extract of 
PM2.5 had no significant effect on generation of 
DNA strand breaks (Zhang et al., 2003).

Several studies have found no clear difference 
in the potency to generate DNA strand breaks of 
particles collected at different locations (Alfaro-
Moreno et al., 2002; Danielsen et al., 2011; 
Dellinger et al., 2001; De Vizcaya-Ruiz et al., 2006; 
Sharma et al., 2007; Shi et al., 2006; Xu & Zhang, 
2004). Similarly, PM10 collected from a busy street 
in the centre of Stockholm, Sweden, had the same 
potency on a mass basis as particles collected 
when running a road simulator (Karlsson et al., 
2006). In contrast, aqueous extracts of PM2.5 
samples from industrial sites showed a higher 
induction of DNA strand breaks in A549 cells 
(Bonetta et al., 2009). One study reported that 
samples of PM0.4, PM1, PM2.5, and PM10 that were 
collected during the winter at a background 
site in Milan, Italy, were more potent than the 
same fractions collected during the summer 
(Longhin et al., 2013), whereas three studies 
reported no temporal variation in PM samples in 
regard to ability to generate DNA strand breaks 
(Danielsen et al., 2008; Danielsen et al., 2009, 
2011). Studies on differences related to particle 
size indicated that the urban background PM2.5 
fraction was more potent than PM10 on a mass 
basis (Gualtieri et al., 2011; Perrone et al., 2013). 
In general, consistency has been observed in 
studies showing increased levels of DNA strand 
breaks by aqueous suspensions of particles from 
various locations, times of the year, and size frac-
tions. Other studies that have assessed the effect 
of particles from only a single site also indicated 
increased levels of DNA strand breaks (Dwivedi 
et al., 2012; Karlsson et al., 2005; Upadhyay et al., 
2003), which could be reduced only slightly by 
treatment with deferoxamine (DFO) (Di Pietro 

et al., 2009; Knaapen et al., 2002). This suggests 
that the content of soluble transition metals such 
as iron was not the most important constituent 
in particles for the formation of DNA strand 
breaks.

It has been shown that acetonitrile-extracted 
material from PM2.5 that was collected from a 
location close to heavy traffic had higher potency 
in generating DNA strand breaks in fibroblasts 
compared with PM2.5 samples from other urban 
zones (Abou Chakra et al., 2007). A compar-
ative investigation of organic extract of PM2.5 
from samples collected at a highway site (with 
high traffic intensity) showed higher levels of 
DNA strand breaks in A549 cells compared with 
extracts from an urban site (with medium traffic 
intensity) and an industrial site near a foundry 
(Bonetta et al., 2009). Also, samples collected in 
the industrial area of Kaifaqu district, Dalian, 
China, showed higher potency in generating 
DNA strand breaks compared with samples from 
three other areas in China (Jiang et al., 2011). 
DCM extracts of PM10 samples from urban air 
in Prague (Czech Republic), Košice (Slovakia), 
and Sofia (Bulgaria) increased the generation 
of DNA strand breaks in HepG2 cells, whereas 
there were no clear spatial or temporal differ-
ences in potency (Gábelová et al., 2004, 2007). 
Another study found a difference between DCM 
extracts of PM10 from different locations in Saudi 
Arabia (Elassouli et al., 2007). EOM (hexane and 
methanol) of TSP and PM10 from an urban back-
ground site (a park) in Rome, Italy, had similar 
potency in generating DNA strand breaks in 
mononuclear blood cells (Fabiani et al., 2008). 
Another study in Parma, Italy, showed that EOM 
of PM2.5 was more potent than TSP and PM10 in 
generating DNA strand breaks (Buschini et al. 
2001).

Organic extracts of PM2.5 or PM10 from 
samples that were collected in three French 
metropolitan areas in the winter had higher 
potential to generate DNA strand breaks than 
extracts collected in the summer (Abou Chakra 
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et al., 2007). Organic extracts of PM10 samples 
from an industrial area in China were more potent 
in generating DNA strand breaks in HepG2 cells 
when collected during the winter (Jiang et al., 
2011). The same was shown for EOM of PM2.5 
collected in Hong Kong Special Administrative 
Region, China; the samples from the winter were 
more potent than those from the summer (Hsiao 
et al., 2000). EOM of PM10 particles collected in 
Teplice, Czech Republic, increased the levels of 
DNA strand breaks in HepG2 and Caco-2 cells, 
and the samples collected during the summer 
had a stronger effect than those collected during 
the winter (Lazarová & Slamenová, 2004). In 
addition, EOM of PM2.5 collected on days with 
haze had higher potential to generate DNA 
strand breaks compared with extracts of samples 
collected on days without haze (Xu et al., 2008a). 
The association between EOM of PM from China, 
France, and the Republic of Korea has also been 
shown in other studies, albeit without assessment 
of temporal, spatial, or particle size differences 
(Chen et al., 2013; Oh et al., 2011; Shang et al., 
2013; Tarantini et al., 2009).

(iv) Acellular test systems
Studies in acellular test systems are summa-

rized in Supplemental Table S13 (available online). 
The studies on the ability of PM to generate 
strand breaks in DNA have typically used relax-
ation of plasmid or bacteriophage DNA, in which 
the supercoil structure is relaxed by introduction 
of DNA strand breaks. The literature on studies 
of air pollution particles generally shows that PM 
from air pollution is associated with relaxation of 
supercoiled DNA. Early studies showed that PM10 
from Edinburgh, United Kingdom, increased 
the relaxation of supercoiled DNA and that this 
was reduced by treatment with an antioxidant 
(mannitol) or a metal chelating agent (DFO) 
(Donaldson et al., 1997; Gilmour et al., 1996). The 
strand-breaking potential of PM2.5 samples from 
Baton Rouge, Louisiana, USA, was reduced in 
the presence of superoxide dismutase or catalase 

(Dellinger et al., 2001). The role of iron mobi-
lization was demonstrated by studies showing 
that SRM 1648 and SRM 1649 were associated 
with strand breakage in DNA only in the pres-
ence of ascorbate, which functions as reductant 
(Smith & Aust, 1997). One study on coal fly ash 
also found increased generation of DNA strand 
breaks (Dwivedi et al., 2012). Particles collected 
in London, United Kingdom, in 1958 from 
an unknown site generated strand breaks in a 
concentration-dependent manner (Whittaker 
et al., 2004). Studies on different particle size 
fractions have produced mixed results, showing 
both higher potency in supercoil relaxation of 
small particles (Healey et al., 2005; Koshy et al., 
2009; Lingard et al., 2005; Reche et al., 2012; Shao 
et al., 2006) and higher potency of coarse parti-
cles than fine particles (Greenwell et al., 2002). In 
addition, it has been shown that the potency of 
PM samples collected from a location near a busy 
motorway and steelworks depended on the wind 
direction, with the highest potency of strand 
scission activity observed for PM samples when 
the wind came from the motorway (Moreno 
et al., 2004). Another study showed that PM2.5 
from an urban site in Shanghai, China, was 
more potent in plasmid DNA supercoil relaxa-
tion compared with samples from a suburban 
site and that samples collected during the winter 
were more potent those collected during the 
summer (Senlin et al., 2008). Collectively, the 
studies indicate that aqueous suspensions of PM 
and water-soluble constituents have the ability 
to generate DNA strand breaks in naked DNA, 
which is driven mainly by production of ROS by 
transition metals.

Airborne particles from many cities in 
China have been reported to induce plasmid 
DNA relaxation in acellular conditions. Samples 
collected during sandstorms were less potent 
than non-sandstorm samples (Shi et al., 2004). 
Water extracts or particle suspensions of PM10 
samples collected in four seasons in Lanzhou 
showed the ability to generate strand breaks in 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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plasmid DNA. Average values of TD20 (the level 
causing 20% of DNA damage) were 17, 625, 56, 
and 260  µg/mL in the winter, spring, summer, 
and autumn, respectively, for PM10 suspensions. 
Water extracts caused slightly lower induc-
tion of DNA strand breaks, with higher TD20. 
Suburban PM10 samples showed higher TD20 
values than samples from Lanzhou. Similar to the 
study in Beijing, particles were collected during 
dust storm episodes or after days with rain. The 
results showed lower ability to generate DNA 
strand breaks (TD20 > 1000 µg/mL) compared 
with the PM that was collected in Lanzhou, 
although the TD20 values correlated negatively 
with metal concentration (Xiao et al., 2009). In 
Macao Special Administrative Region, China, 
PM10 samples from three sites (Sun Yat Sen 
Municipal Park, Avenida de Horta e Costa, and 
Macao University on Taipa Island) showed that 
whole PM10 suspension samples caused forma-
tion of DNA strand breaks with values of TD30 
(the level causing 30% of DNA damage) of 3, 10, 
and 20  µg/mL, respectively, for the three sites. 
Water extracts showed slightly higher TD30 
values (Shen et al., 2009).

In summary, the majority of human studies 
have shown positive associations between expo-
sure to particulate air pollution and elevated levels 
of DNA strand breaks in leukocytes as well as 
nasal epithelial cells. In animal studies, elevated 
levels of DNA strand breaks in the lung have been 
noted in studies on doses of PM by instillation, 
whereas lower doses have not increased levels of 
DNA strand breaks. Studies in cultured cells and 
acellular conditions have provided supporting 
mechanistic evidence for the ability of outdoor 
air PM to generate DNA strand breaks.

(d) Chromatin damage in sperm

Four studies performed in the Czech Republic 
(Selevan et al., 2000; Rubes et al., 2005, 2007, 
2010) evaluated the association between expo-
sure of men to polluted outdoor air and chro-
matin damage in their sperm using the sperm 

chromatin structure assay (SCSA). Table  4.12 
shows that all of these studies found an associ-
ation between chromatin damage in sperm and 
exposure to elevated concentrations of various 
pollutants of outdoor air, including CO2, PM10, 
SO2, NOx, B[a]P, carcinogenic PAHs, benzene, 
and TSP.

(e) Oxidatively damaged nucleobases

(i) Humans
The associations between air pollution and 

biomarkers of oxidatively damaged nucleobases 
in human leukocytes have been assessed in 
a variety of biomonitoring studies, including 
controlled exposure, panel, and cross-sectional 
studies. A previous assessment of studies meas-
uring oxidized nucleobases highlighted that 
approximately half of the published studies had 
either suboptimal study design or measurement 
of 8-oxodG by unspecific methods (Møller & 
Loft, 2010). The discussion of the biomonitoring 
studies adheres to this critical assessment of the 
studies. The studies on associations between 
exposure to air pollution particles and levels of 
oxidatively damaged DNA in cells from humans 
are listed in Table 4.13.

The first of two studies in Benin recruited 
taxi-moto drivers in the city of Cotonou, which 
has high levels of outdoor air pollution, as deter-
mined by assessments including total PAHs 
(35–103 ng/m3) and urinary excretion of benzene 
metabolites (S-PMA, 6.8–9.3  µmol/mol creati-
nine), and a control group in a village with low 
air pollution (PAHs, 7.3 ng/m3; S-PMA, 4.2 µmol/
mol creatinine). This revealed that the taxi-moto 
drivers had higher levels of 8-oxodG in lympho-
cytes (21 lesions/106 dG) compared with controls 
in the village (11 lesions/106  dG) (Ayi-Fanou 
et al., 2006). [The high background levels of 
8-oxodG suggest spurious oxidation of the 
DNA during the HPLC-electrochemical detec-
tion (ECD) measurement, and the study design 
with comparison of subjects in the city and 
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village is not optimal.] A subsequent study also 
used taxi-moto drivers in Cotonou and village 
controls, as well as groups of subjects with inter-
mediate exposure to air pollution as determined 
by urinary excretion of benzene metabolites 
and the number concentration of UFP (midday 
1-hour average, 6961–265  145  UFP/cm3). There 
were clear gradients in both air pollution levels 
(assessed as S-PMA) and levels of formamidopy-
rimidine DNA glycosylase (FPG)-sensitive sites 
in PBMCs between the subjects living in areas 
with different air pollution levels (Avogbe et al., 
2005).

A panel study of students who were living in 
the centre of Copenhagen, Denmark, showed a 
positive association between personal exposure 
to PM2.5 (10–24.5 µg/m3) and levels of 8-oxodG 
in lymphocytes, whereas the exposure did not 
correlate with levels of FPG-sensitive sites in 
lymphocytes (Sørensen et al., 2003a). In addi-
tion, there was a correlation between the levels 
of 8-oxodG in lymphocytes and the concen-
tration of water-soluble transition metals in 
PM2.5 that was collected over a 2-day period for 
each subject (Sørensen et al., 2005). The same 
study also showed that there was no correla-
tion between background mass concentration 

of PM2.5 measured at a stationary monitoring 
station or personal exposure to NO2 and levels of 
8-oxodG in lymphocytes. Another study of resi-
dents of Copenhagen used benzene as a marker 
of urban air pollution exposure and showed an 
association between urinary excretion of S-PMA 
and levels of 8-oxodG in lymphocytes, whereas 
the levels of endonuclease III (ENDOIII)/FPG 
sites were unaltered in lymphocytes (Sørensen 
et al., 2003c). The effect of personal exposure 
to UFP in air pollution was investigated in 
people bicycling for approximately 90  minutes 
in the laboratory or on traffic-heavy streets in 
Copenhagen. This study showed a positive asso-
ciation between personal exposure to UFP and 
levels of FPG-sensitive sites in PBMCs (Vinzents 
et al., 2005). The same group of researchers also 
studied controlled exposure to air from a busy 
street in Copenhagen and reported correlations 
between particles in the size mode with a median 
diameter of 23  nm (representing SVOCs of 
diesel exhaust) and the size mode with a median 
diameter of 57  nm (representing carbonaceous 
soot) and levels of FPG-sensitive sites in PBMCs 
(Bräuner et al., 2007).

A study in Florence, Italy, showed no corre-
lation between outdoor ozone concentrations 

Table 4.12 DNA fragmentation and abnormal chromatin in sperm in men exposed to outdoor air 
pollution

Subjects (number) End-point Associated air 
pollutant

Finding Reference

Men (18 yr) in Teplice District, 
Czech Republic (272)

Abnormal chromatin 
(SCSA)

PM10, TSP, CO2 + Selevan et al. (2000)

Young men in Teplice District, 
Czech Republic (36)

SCSA PM10, SO2, NOx + Rubes et al. (2005)

Young men in Teplice District, 
Czech Republic (35)

SCSA among GSTM1 
null

PM10, SO2, NOx + Rubes et al. (2007)

Outdoor police in Prague, Czech 
Republic, sampled in winter 
(high pollution) and spring (low 
pollution) (47)

DNA damage (DFI by 
SCSA)

B[a]P, carcinogenic 
PAHs, benzene

+ Rubes et al. (2010)

+, positive; B[a]P, benzo[a]pyrene; CO2, carbon dioxide; DFI, DNA fragmentation index; NOx, nitrogen oxides; PAHs, polycyclic aromatic 
hydrocarbons; PM10, particulate matter with particles of aerodynamic diameter < 10 μm; SCSA, sperm chromatin structure assay; SO2, sulfur 
dioxide; TSP, total suspended particles; yr, year or years.
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(days  3–30 before sampling) and levels of 
FPG-sensitive sites in lymphocytes from healthy 
subjects (Giovannelli et al., 2006). In a subsequent 
study, a positive correlation was shown between 
ozone levels (days  60–90 before sampling) and 
levels of FPG-sensitive sites in lymphocytes of 
traffic-exposed workers (Palli et al., 2009).

A study in Bangkok, Thailand, with a relatively 
large benzene exposure gradient (8–50  µg/m3) 
between traffic police and office-based police 
showed no association with levels of 8-oxodG, 
whereas there was a correlation between personal 
1,3-butadiene exposure and levels of 8-oxodG in 
leukocytes (Arayasiri et al., 2010). Another study 
in Thailand on malondialdehyde–deoxyguano-
sine (M1dG) adducts, a biomarker of oxidative 
stress and lipid peroxidation, showed that resi-
dents living in a location near steel, oil refinery, 
and petrochemical factories had higher levels of 
DNA adducts in leukocytes (3.7 ± 0.4 lesions/108 
nucleotides) than subjects in a location with a low 
air pollution level (2.9 ± 0.4 lesions/108 nucleo-
tides) (Peluso et al., 2010; Peluso et al., 2012). One 
study on schoolchildren in Bangkok, compared 
with children in a provincial area (Chonburi), 
showed that the children exposed to air pollu-
tion had higher levels of 8-oxodG in leukocytes 
(Buthbumrung et al., 2008). In another study on 
healthy subjects living in traffic-congested areas 
in Bangkok, levels of 8-oxodG in leukocytes were 
significantly correlated with concentrations of 
individual exposure to PM2.5 (Vattanasit et al., 
2014).

Several studies in the Czech Republic have 
assessed biomarkers of oxidatively damaged 
DNA in people with different occupations or 
living in areas characterized by high or low 
air pollution levels. A study of police officers 
showed higher levels of ENDOIII/FPG sites in 
lymphocytes in the season with a high level of 
air pollution exposure (PM2.5, 33 µg/m3), whereas 
there was no effect in the season with a low 
level of air pollution exposure (PM2.5, 15 µg/m3) 
(Novotna et al., 2007). Studies of bus drivers, 

garage workers, and office workers (controls) 
indicated no associations between air pollution 
measures and levels of ENDOIII/FPG sites in 
lymphocytes from exposed subjects and controls 
(Bagryantseva et al., 2010). There was no difference 
in placental levels of 8-oxodG between mothers 
living in Teplice (urban area) and those living in 
Prachatice (rural area), and there was a lack of 
association between air pollution exposure levels 
and levels of 8-oxodG in multivariable-adjusted 
models (Rossner et al., 2011a). This research 
group also participated in the EXPAH project on 
associations between air pollution exposures in 
Prague (Czech Republic), Košice (Slovakia), and 
Sofia (Bulgaria) and biomarkers of genotoxicity 
in samples from male police officers, bus drivers, 
and office workers (Taioli et al., 2007). This study 
showed that police officers in Košice had higher 
levels of 8-oxodG in lymphocytes compared 
with controls, whereas there was no effect in 
police officers in Prague (Singh et al., 2007b). 
[The Working Group noted that there were very 
high levels of 8-oxodG in the reference group (i.e. 
54 lesions/106 nucleotides, corresponding to 244 
lesions/106  dG), indicating spurious oxidation 
during the measurement of 8-oxodG.] This study 
also showed that PAH-exposed subjects from 
Sofia had higher levels of lipid peroxidation-de-
rived M1dG adducts in lymphocytes, measured 
by immunoslot blot, compared with controls 
from the same city (Singh et al., 2007b).

One study showed that nasal biopsies from 
children living in areas with a low level of air 
pollution (a Pacific coastal town) had lower 
levels of immunostaining intensity for 8-oxodG 
compared with biopsies from children living in 
Mexico City, with a high level of air pollution 
(Calderón-Garcidueñas et al., 1999).

In summary, a substantial number of studies 
from humans (11 out of 13 studies) have reported 
positive associations between exposure to air 
pollution and levels of oxidatively damaged DNA 
in leukocytes.
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(ii) Experimental systems
Few studies have assessed the level of oxida-

tively damaged DNA in lungs of animals after 
exposure to air pollution (see Supplemental 
Table  S14, available online). Studies in rodents 
have reported no effect of intratracheal instil-
lation of PM on levels of oxidatively damaged 
DNA in lung tissue. Studies in cultured cells 
(see Supplemental Table  S15, available online) 
and in acellular test systems (see Supplemental 
Table  S16, available online) have examined the 
induction of oxidatively damaged nucleobases 
by PM. Aqueous suspensions of PM from 
urban areas, mainly in Europe, have generated 
increased levels of oxidatively damaged DNA 
in cultured cells. There is also some evidence 
showing that organic extracts of PM are asso-
ciated with generation of oxidatively damaged 
DNA in cultured cells. Aqueous suspensions of 
PM from urban areas, mainly in Europe, have 
generated increased levels of 8-oxodG in acel-
lular conditions.

(f) Other damage

Several studies used a variety of other assays 
to assess the genotoxic activity of outdoor air or 
samples derived from outdoor air. Most used 
bacterial reporter assays that assess induction 
of error-prone DNA repair (the SOS response). 
The results of these studies are summarized in 
Supplemental Table  S17 (available online). In 
summary, extracts, including inorganic, organic, 
and simulated lung fluid extracts of airborne 
PM from a variety of urban and industrial sites, 
induced significant dose-related increases in 
DNA damage in both bacteria and mammalian 
cells.

4.2.4 Gene expression

(a) Humans

See Table 4.14.

As noted in several reviews (e.g. Holloway 
et al., 2012), exposure of humans to air pollution 
can result in altered expression of a variety of 
genes, especially those in pathways associated 
with DNA damage and repair, oxidative stress, 
immune response, and so on.

Studies in the Czech Republic (van Leeuwen 
et al., 2006, 2008) evaluated gene expression 
in children and adults living in a rural area 
(Prachatice) versus those living in an urban area 
(Teplice). Genes that showed differential expres-
sion between the two groups of children (and 
two levels of outdoor air pollution) were largely 
in the nucleosome assembly. In the same study 
population, more differential gene expression 
between the two groups of children was observed 
compared with the differential gene expression 
between two groups of adults from the same 
populations. There was little overlap between the 
genes expressed differentially between the chil-
dren and the adults; in children, the pathways 
most affected by the outdoor air pollution were 
the nucleosome and immune pathways.

A separate study in the Czech Republic 
found higher expression of the DNA repair 
gene XRCC5 in the blood of residents of Ostrava 
(more polluted) than in the blood of residents of 
Prague (less polluted). The higher gene expres-
sion was associated with higher concentrations 
of carcinogenic PAHs in outdoor air (Rossner 
et al., 2011b).

Huang et al. (2010) exposed three subjects in 
a chamber in a cross-over design to filtered air 
or ultrafine particles (50 μg/m3 for 2 hours) from 
Chapel Hill, North Carolina, USA, and identified 
differential expression for 10 genes in a variety of 
pathways, including inflammation and oxidative 
stress response, that could discriminate between 
types of PM exposure.

Hebels et al. (2011) studied nitrosamine 
exposure and gene expression in human lympho-
cytes from women participating in a mother–
newborn study in Denmark. Participants 
were non-smoking pregnant women, with no 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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residential environmental tobacco smoke and 
who spent the majority of their time at home. 
Modifications in cytoskeleton remodelling, cell 
cycle, apoptosis and survival, signal transduc-
tion, immune response, G-protein signalling, 
and development pathways were observed.

(b) Experimental systems

(i) In vivo
Several studies evaluated gene expression 

in lung, brain, or adipose tissue after inha-
lation exposure of rodents to outdoor air or 
to concentrated air particles (CAPs) (André 
et al., 2006; Heidenfelder et al., 2009; Bos et al., 

2012; Soberanes et al., 2012; Tablin et al., 2012; 
Ljubimova et al., 2013; Mendez et al., 2013; Rowan-
Carroll et al., 2013) (see Supplemental Table S18, 
available online). Other studies involved evalua-
tion of gene expression in lung tissue of rats after 
intratracheal instillation of PM from urban air 
(Kooter et al., 2005; Wise et al., 2006).

(ii) In vitro
In vitro studies are summarized in 

Supplemental Table S19 (available online).

Table 4.14 Changes in gene expression in humans exposed to outdoor air pollution

Country Subjects Assay Results Reference

Czech Republic Blood from 23 
children from an 
urban area (Teplice) 
versus 24 children 
from a rural area 
(Prachatice)

Agilent Human 22K 
oligo microarray

Increased expression 
of genes in nucleosome 
response pathways

+ van Leeuwen et al. 
(2006)

Czech Republic Blood from 12 adults 
from an urban area 
(Teplice) versus 12 
adults from a rural 
area (Prachatice)

Agilent Human 22K 
oligo microarrays

More differential gene 
expression between the 
two sets of children than 
the two sets of adults, 
and little overlap between 
the children and adults; 
nucleosome and immune 
pathways most affected

+ van Leeuwen et al. 
(2008)

USA Blood from 3 subjects 
exposed to ultrafines 
at 50 µg/m3 for 2 h

Affymetrix HU133 
plus 2 microarray

Altered expression of genes 
in oxidative stress response 
and inflammation pathways

+ Huang et al. (2011)

Czech Republic Blood from 64 
subjects from Prague 
(less polluted) and 75 
subjects from Ostrava 
(more polluted)

qPCR Increased expression of 
XRCC5 DNA repair gene 
among subjects from 
Ostrava; associated with 
increased concentration of 
c-PAHs

+ Rossner et al. (2011b)

Denmark Blood and urine 
from 29 women 
participating in a 
mother–newborn 
biomarker study

Agilent 4x44K whole 
human genome 
microarrays 
NOC excretion by 
GC-MS

Differences in levels 
of NOC excretion are 
mainly associated with 
modifications in amino acid 
metabolism, apoptosis and 
survival, cell adhesion, and 
a few other signalling and 
metabolism pathways

Hebels et al. (2011)

+, positive; c-PAHs, carcinogenic polycyclic aromatic hydrocarbons; GC-MS, gas chromatography-mass spectrometry; h, hour or hours; NOC, 
N-nitroso compound; PCR, polymerase chain reaction.

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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4.2.5 Epigenetic effects

(a) Humans

(i) DNA methylation
Collectively, the available studies generally 

show an association between DNA methyl-
ation and outdoor air pollution (see Table 4.15). 
Although air pollution enhances methylation of 
some genes, it reduces methylation of others. It 
is likely that this reflects different pathways and 
involves different components of air pollution 
(metals, PAHs, VOCs, PM, etc.). Nonetheless, 
the relatively consistent association between 
methylation of DNA and exposure to air pollu-
tion, resulting in altered gene expression, indi-
cates that this is another mechanism by which air 
pollution may influence risk of cancer. 

(ii) Leukocyte telomere length
Three studies have evaluated leukocyte 

telomere length relative to exposure to outdoor 
air pollution (see Table 4.16).

Truck drivers in Beijing, China, had longer 
telomeres than office workers (Hou et al., 2012). 
For both the truck drivers and the office workers, 
an increase in telomere length was associated 
with personal PM2.5 concentration, personal 
elemental carbon concentration, and outdoor 
PM10 concentration on the day that blood was 
drawn from the subjects. However, shorter 
telomere length was associated with the PM10 
concentration averaged over the 2 weeks before 
the blood draw. These results indicate that longer 
telomere length is associated with short-term 
exposure to outdoor air PM, consistent with an 
effect of PM on telomeres during acute inflam-
matory responses. In contrast, long exposures 
to PM may shorten telomeres due to extended 
exposures to pro-oxidants.

A population living in Massachusetts, USA, 
was evaluated for telomere length, which was 
compared with modelled exposure to carbon 
black as a marker for traffic-related particles 
(McCracken et al., 2010). This study found that 

telomere length shortened as carbon black expo-
sure increased. This result is consistent with the 
study in China, showing that prolonged exposure 
to airborne particles is associated with shortened 
telomeres.

A third study of telomere length found 
shorter telomeres among traffic officers in Milan, 
Italy, compared with office workers (Hoxha et al., 
2009). Among the traffic officers, the adjusted 
mean telomere length was shorter in subjects 
working in high traffic density compared with 
low traffic intensity. An additional exposure 
assessment found that telomere length decreased 
with increasing concentrations of personal expo-
sure to benzene and toluene. Collectively, these 
studies show that leukocyte telomere length is 
shortened in subjects chronically exposed to air 
pollution.

(b) Experimental systems

In the study by Yauk et al. (2008), male C57BL/
CBA mice were exposed for 6  weeks in situ to 
outdoor air near two integrated steel mills and 
a major highway in Hamilton, Canada; control 
mice breathed the same air but filtered through 
HEPA filters. Sperm DNA was hypermethylated 
in the mice breathing the unaltered outdoor 
air compared with those breathing the HEPA-
filtered air, and this persisted after removal of the 
mice from the polluted air.

Soberanes et al. (2012) exposed male C57BL/6 
mice to PM2.5 CAPs from an unspecified urban 
area for 8 hours per day for 9 weeks. This expo-
sure produced hypermethylation of the promoter 
region of the p16 gene in the lung.
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4.3 Other data relevant to 
carcinogenicity

4.3.1 Oxidative stress and inflammation

(a) Pulmonary oxidative stress and 
inflammation in humans 

See Table 4.17.
Studies on oxidative stress in humans who 

have been exposed to air pollution have mainly 
applied biomarkers of oxidatively damaged lipids 
or inflammation markers in exhaled breath or 
bronchoalveolar lavage fluid (BALF). The publi-
cations are grouped into controlled exposure, 
panel, and cross-sectional studies.

Among the controlled exposure studies 
are some that have obtained direct measure-
ments of pulmonary inflammation by analysis 
of BALF cell counts. The Working Group has 
included studies on bronchial instillation of PM 
in humans for the purpose of bridging observa-
tions in animal models on the same exposure, 
although it recognizes that extrapolation to 
real-life human exposures is challenging. Ghio 
& Devlin (2001) reported results from a study in 
which young and healthy people were exposed 
by bronchial instillation to aqueous extracts of 
PM10 collected before, during, and after a steel 
mill strike in Utah Valley, Utah, USA (Ghio & 

Devlin, 2001). The particles that were collected 
before and after the strike were associated with 
higher levels of neutrophils, pro-inflammatory 
cytokines (interleukin-1 beta [IL-1β], tumour 
necrosis factor [TNF], and IL-8), and protein 
(a marker of epithelial damage) in the BALF at 
24 hours after the instillation of 500 µg of particle 
extract into the lungs of non-smoking volun-
teers. Extracts from periods when the steel mill 
was operating had high concentrations of metals, 
and the extracts generated ROS in acellular 
conditions, which was diminished by addition of 
DFO (a metal chelator) or dimethylthiourea (an 
antioxidant) (Ghio & Devlin, 2001). Schaumann 
et al. (2004) instilled into the lungs of 12 healthy 
volunteers PM2.5 (100  µg, corresponding to 
24 hours of inhalation of 100 µg/m3) from two 
locations in Germany, characterized as being 
an area with mining and smelter industry and 
a non-polluted area. The instillation increased 
the total number of cells in BALF, whereas there 
was no difference in differential cell counts 
of neutrophils, lymphocytes, and monocytes. 
Nevertheless, it was only instillation of particles 
from a polluted area that was associated with 
increased concentrations of some pro-inflamma-
tory cytokines in BALF (IL-6 and TNF, but not 
IL-1 and IL-8) and increased ex vivo ROS produc-
tion in zymosan-stimulated BAL cells. There 

Table 4.16 Effects on leukocyte telomere length in humans exposed to outdoor air pollution

Country Subjects Results Reference

China 120 office workers 
(controls) and 120 
truck drivers (exposed) 
in Beijing

For both controls and exposed subjects, telomere length associated 
with personal PM2.5 and elemental carbon, and outdoor PM10 on day 
of blood draw. However, decreased telomere length associated with 
PM10 averaged over 2 weeks before blood draw

Hou et al. (2012)

USA 165 subjects in 
Massachusetts

Decreased telomere length associated with carbon black in outdoor 
air

McCracken et al. 
(2010)

Italy 57 office workers 
(controls) and 77 traffic 
officers (exposed) in 
Milan

Decreased telomere length among traffic officers working in high 
vs low traffic intensity. Decreased telomere length associated with 
increasing concentrations of personal exposure to benzene and 
toluene

Hoxha et al. 
(2009)

PM10, particulate matter with particles of aerodynamic diameter < 10 μm; PM2.5, particulate matter with particles of aerodynamic diameter 
< 2.5 μm.
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were unaltered levels of markers of cell damage 
in the BALF (protein, albumin, and lactate dehy-
drogenase activity), and the glutathione concen-
tration was unaltered (Schaumann et al., 2004). 
A study on inhalation exposure to concentrated 
outdoor particles (23–311  µg/m3) from Chapel 
Hill, North Carolina, USA, for 2  hours with 
moderate exercise (exercise 15  minutes; rest 
15 minutes) and analysis of pulmonary inflam-
mation 18 hours after cessation of the exposure 
showed a mild increase in neutrophils in BALF, 
whereas there were unaltered levels of IL-6, 
IL-8, and prostaglandin E2 (PGE2) (Ghio et al., 
2000). Another study in 19 healthy non-smoking 
volunteers from Chapel Hill on outdoor UFP 
(40 848–205 648 UFP/cm3; 1–50 µg/m3) showed 
a moderate increase in the concentration of IL-8 
in BALF, whereas there were unaltered levels of 
IL-6 and PGE2 (Samet et al., 2009).

A non-invasive way to study the effect of air 
pollution is by analysis of markers of inflamma-
tion and oxidative stress in exhaled air. As this 
is a relatively easy method, it has been used in 
epidemiological studies as well as studies on 
controlled exposures to air pollution. It was shown 
that healthy young subjects had elevated levels 
of malondialdehyde (MDA) in exhaled breath 
condensate (EBC) after exercise at a location 
with high traffic-generated UFP (252 290 UFP/
cm3) compared with the same type of exercise 
at a location with less traffic (7382 particles/cm3) 
(Rundell et al., 2008). This study also showed 
lower concentrations of exhaled NO and nitrate, 
which was hypothesized to be due to the forma-
tion of peroxynitrite (Rundell et al., 2008). 
Another study of controlled exposure to elderly 
men with stable coronary heart disease showed 
that inhalation of CAPs (190  µg/m3) increased 
the concentration of 8-isoprostanes in EBC at 
6 hours and 24 hours, whereas there was no effect 
on 3-nitrotyrosine levels (Mills et al., 2008). 
Exposure to air in a road tunnel in Stockholm, 
Sweden (80 µg/m3 of PM2.5 for 2 hours), had no 
effect on exhaled NO in people with asthma, 

and there were inconsistent associations between 
exposure and levels of IL-10, IL-1β, IL-6, IL-8, 
and TNF in nasal lavage fluid (Larsson et al., 
2010). Strak et al. (2012) studied subjects who 
were exposed to outdoor air at a traffic site or an 
urban site (5 hours, with intermittent exercise); 
they showed associations between the particle 
number concentration and fractional exhaled 
NO (FeNO).

The Beijing Olympics in 2008 has formed 
the basis for studies on the association between 
improvements in outdoor air quality and 
biomarkers of oxidative stress and inflamma-
tion. A study in 125 healthy adults showed that 
the EBC content of NO, nitrates, nitrites, MDA, 
and 8-isoprostanes (using an ELISA method) 
was lower in young and healthy subjects during 
the Olympics compared with periods before and 
after the Olympics (Gong et al., 2013; Huang 
et al., 2012).

Panel studies have typically focused on 
subjects with lung or cardiovascular diseases. It 
was shown that there was a positive association 
between personal PM2.5 exposure and exhaled 
NO in children (aged 9–13  years) with asthma 
from Seattle, Washington, USA, who did not take 
corticosteroid medication (Koenig et al., 2003, 
2005; Mar et al., 2005). Another panel study in 
Ontario, Canada, showed no association between 
air pollution exposure and FeNO; there was a 
positive association between levels of air pollution 
exposure components (PM2.5, NO2, and SO2) and 
thiobarbituric acid reactive substances (TBARS; 
an oxidative stress marker) in EBC, which was 
not a particularly reliable assay for detection of 
lipid peroxidation products (Liu et al., 2009a). 
Positive associations between levels of PM2.5 and 
ozone, based on stationary monitoring data, and 
MDA levels in EBC were observed in children 
with asthma in Mexico City (Romieu et al., 2008). 
A study in elderly subjects with asthma or COPD 
in Seattle, Washington, USA, showed an associ-
ation between outdoor concentrations of PM2.5 
and FeNO, whereas there was no association 
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between FeNO and personal exposure to PM2.5 
(Jansen et al., 2005). In addition, elderly subjects 
with coronary artery disease in the Los Angeles 
basin, California, USA had a positive associ-
ation between exposure markers (PM2.5 and 
ozone) and FeNO (Delfino et al., 2010a). Studies 
of healthy children in Steubenville, Ohio, USA, 
or Mexico City also indicated positive associa-
tions between air pollution exposure and FeNO 
(Adamkiewicz et al., 2004; Barraza-Villarreal 
et al., 2008), whereas there was no association 
between levels of hydrogen peroxide (H2O2) in 
EBC and air pollution exposure among students 
in Christchurch, New Zealand (Epton et al., 
2008).

A cross-sectional study of subjects with lung 
diseases (asthma or COPD) in four European 
cities showed an association between levels of 
coarse particles at a central monitoring station 
and levels of NOx in EBC, whereas there was 
no association with personal exposure to PM2.5, 
PM10, or coarse fraction as measured either 
near or inside the homes (Manney et al., 2012). 
Another cross-sectional study on children in 
the Netherlands showed a positive association 
between PM10 exposure and exhaled NO; chil-
dren from an urban area had higher nasal lavage 
levels of IL-8 and NOx compared with children 
from a suburban area (Steerenberg et al., 2001).

(b) Systemic effects of inflammation in 
humans

The studies on systemic inflammation have 
mainly centred on markers of cardiovascular 
diseases, including acute-phase proteins (fibrin-
ogen and C-reactive protein [CRP]), platelets, 
von Willebrand factor, haematocrit, whole 
blood viscosity, and leukocyte counts (Delfino 
et al., 2005). The measurement of CRP espe-
cially has been popular because it is used clin-
ically, it can increase by more than 3 orders of 
magnitude during an acute-phase response, 
and it has a relatively short half-life in plasma 
(~19  hours). A recent review of the association 

between air pollution levels and CRP levels in 
humans encompassed a total of 44 publications, 
stratified into cross-sectional, panel, and rand-
omized cross-over trials (Li et al., 2012). The 
most important conclusions from that survey 
were that there was an association between air 
pollution exposure and elevated levels of CRP 
in children in cross-sectional studies, whereas 
there were inconsistent results in adults, which 
might be related to the inclusion of subjects with 
prescribed statins or anti-inflammatory drugs. It 
was also noted that the randomized cross-over 
trials mainly showed no association between air 
pollution exposure and CRP levels in plasma, 
which could be because these studies had few 
subjects and relatively short exposure duration 
(Li et al., 2012). One of the studies on controlled 
exposure used relatively high concentrations 
of CAPs (190 µg/m3 for 2 hours) and found no 
change in serum levels of CRP and total leuko-
cyte counts, although there was a transient and 
marginal increase in the number of monocytes in 
blood (Mills et al., 2008). In addition, two studies 
on indoor air filtration for 24–48 hours with rela-
tively low exposure gradients of traffic-generated 
emissions in Copenhagen, Denmark, showed no 
effect on levels of CRP, IL-6, TNF, and fibrinogen 
(Bräuner et al., 2008a, b). A 7-day intervention 
period with air filtration in homes of a wood 
smoke-affected area in British Columbia, Canada, 
found an association between the indoor concen-
tration of fine particles and CRP levels, whereas 
there was no association with IL-6 levels (Allen 
et al., 2011).

The production of CRP is regulated in 
response to elevated levels of IL-6, IL-1, and TNF. 
A study indicated that children in Mexico City, 
compared with children in a low-pollution city, 
had a systemic pro-inflammatory state as deter-
mined by elevated plasma/serum levels of TNF, 
IL-1β, PGE2, and CRP (Calderón-Garcidueñas 
et al., 2008). A very large study of subjects in 
Lausanne, Switzerland, with 6183 adult partic-
ipants showed associations between short-term 



Outdoor air pollution

389

exposures to PM10 and elevated levels of IL-1β, 
IL-6, and TNF, whereas there was no effect on 
CRP levels (Tsai et al., 2012). Other studies of 
people with coronary artery disease also found 
associations between exposure to small parti-
cles (PM0.25) and levels of CRP, IL-6, and TNF 
in plasma (Delfino et al., 2008, 2009, 2010b). 
A study in Singapore showed that subjects had 
elevated serum levels of TNF, IL-1β, and IL-6 
during a period with haze, with high outdoor 
air pollution concentrations (PM10, 125  µg/m3), 
compared with a period afterwards with a low air 
pollution level (PM10, 14 µg/m3) (van Eeden et al., 
2001). However, there are also studies showing 
inconsistent associations between air pollution 
exposure and levels of CRP, IL-6, IL-8, serum 
amyloid A, and fibrinogen (Huttunen et al., 2012; 
Rückerl et al., 2006, 2007; Strak et al., 2013; Wu 
et al., 2012) or no association with levels of CRP, 
IL-6, IL-10, TNF, and fibrinogen (Liu et al., 2007, 
2009b; Zuurbier et al., 2011).

Studies on oxidative stress biomarkers in 
biomonitoring include oxidation products of 
lipids, proteins, and DNA. Several studies of 
these products from areas in the Czech Republic 
have shown positive associations between air 
pollution exposure and oxidative stress markers 
(Bagryantseva et al., 2010; Rossner et al., 2007, 
2011c, 2013b).

(c) Pulmonary inflammation and ROS 
production in experimental systems

(i) Pulmonary inflammation in experimental 
animals

Numerous studies have assessed pulmo-
nary inflammation in animals after exposure to 
urban air particles (see Supplemental Table S20, 
available online). Notably, there is a clear effect 
on pulmonary inflammation after both inhala-
tion and instillation exposure. This is observed 
by an increased number of leukocytes in BALF 
or elevated concentrations of pro-inflamma-
tory cytokines. Increased inflammation has 

been observed after inhalation of CAPs from 
Bilthoven (Netherlands), Boston (Massachusetts, 
USA), Tuxedo (New York, USA), and Manhattan 
(New York, USA), with concentration ranges of 
approximately 100–1200  µg/m3 (Cassee et al., 
2005; Clarke et al., 1999, 2000a, b; Gordon et al., 
1998; Rhoden et al., 2004; Saldiva et al., 2002; 
Shukla et al., 2000).

Studies in mice intratracheally instilled 
with EHC93 (1 mg/mouse) have shown that the 
soluble fraction of the total dust sample was 
more inflammogenic than the insoluble fraction 
(Adamson et al., 1999a). Especially the content 
of zinc was found to be an important contributor 
to the inflammogenicity, although redox-active 
transition metals also had some effect on the 
inflammation response after intratracheal instil-
lation of EHC93 (1 mg/mouse) (Adamson et al., 
2000). The intratracheal instillation of SRM 
1648 (1.6 mg/lung) in mice has also been asso-
ciated with pulmonary inflammation in terms 
of increased concentrations of IL-6, TNF, and 
MIP2 in BALF (Becher et al., 2007).

Another study of PM from Duisburg 
(Germany), Prague (Czech Republic), Amsterdam 
(Netherlands), Helsinki (Finland), Barcelona 
(Spain), and Athens (Greece) showed that the 
coarse particles were more inflammogenic than 
the fine particles by intratracheal instillation 
(1–10 mg/kg for 4, 12, or 24 hours) in mice (Happo 
et al., 2007). Other studies also have indicated 
that coarse particles instilled intratracheally 
(100 µg/mouse) were more inflammogenic than 
fine particles (Farina et al., 2011). In addition 
to the potency of particles with different sizes, 
the studies in Europe have also revealed both 
temporal and spatial variation in the potency of 
PM (Farina et al., 2011; Happo et al., 2007).

Other studies on differences between parti-
cles have shown that desert dust from Arizona, 
USA, or Shapotou, China, was associated with 
pulmonary inflammation after instillation of 
0.1  mg/mouse 4 times over 8  weeks (Ichinose 
et al., 2008). Instillation of 32–100 µg/mouse of 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf


IARC MONOGRAPHS – 109

390

residual oil fly ash (ROFA) or SRM 1649 was 
associated with a higher degree of pulmonary 
inflammation than the same dose of World Trade 
Center fine particles (Gavett et al., 2003).

A few studies have used intranasal instilla-
tion, showing that PM2.5 from the air in São Paulo 
(Brazil), PM from Buenos Aires (Argentina), 
or CAPs from Boston (Massachusetts, USA) 
increased the level of pulmonary inflammation 
(Martin et al., 2007; Martin et al., 2010; Riva 
et al., 2011; Sigaud et al., 2007).

Experimental studies also indicate that the 
pulmonary inflammation depends on oxidative 
stress, as indicated by a study where mice with 
overexpression of SOD compared with wild-type 
counterparts had lower levels of neutrophils, 
TNF, and MIP2 in BALF after an intratracheal 
instillation of 50  µg/mouse (Ghio et al., 2002). 
Similarly, pre-treatment with antioxidants 
decreased the level of particle-mediated pulmo-
nary inflammation after the intratracheal instil-
lation (10–100 µg/mouse) of urban air PM (Dick 
et al., 2003).

A study in Porto Alegre, Brazil, with rela-
tively high outdoor particle concentrations 
(110–140  µg/m3), showed increased pulmo-
nary inflammation in rats (Pereira et al., 2007). 
However, it has also been reported that exposure 
to CAPs from Grand Rapids, Michigan, USA 
(493 µg/m3, 8 hours/day for 13 days), Chapel Hill, 
North Carolina, USA (475–907 µg/m3, 6 hours/
day for 2–3  days), or Bilthoven, Netherlands 
(399–3612 µg/m3, 6 hours/day for 2 days) was not 
associated with pulmonary inflammation in rats 
(Heidenfelder et al., 2009; Kodavanti et al., 2000; 
Kooter et al., 2006). The exposure concentrations 
do not appear to be different between the studies 
with null effect and studies that have shown 
pulmonary inflammation. A study on short-term 
inhalation exposure to EHC93 (57  µg/m3 for 
4 hours) was associated with an increased number 
of neutrophils in the air space and tissue of rats 
(Adamson et al., 1999b). Likewise, there was 
an increased level of pulmonary inflammation 

after inhalation (12 mg/m3 for 6 hours) of ROFA 
or the corresponding dose administered by 
intratracheal instillation (110  µg/rat) (Costa 
et al., 2006). The effect on pulmonary inflamma-
tion was highest at 24 hours after the exposure, 
and it decreased gradually over the next 72 hours 
(Costa et al., 2006).

Relatively high bolus dose instillations of 
EHC93 (5–10 mg/kg) have indicated a bell-shaped 
response in regard to the number of cells in BALF, 
with the highest effect at 24–48 hours, whereas 
time points before (4 hours) and after (days 4–7) 
indicated lower effects on pulmonary inflamma-
tion (Bagate et al., 2004; Gerlofs-Nijland et al., 
2005; Ulrich et al., 2002). Intratracheal instilla-
tion of the water-soluble fraction of TSP from 
Provo, Utah, USA, was associated with higher 
levels of neutrophils in BALF compared with 
instillation of the insoluble fraction of particles 
(Ghio et al., 1999).

A study of particles that were collected in 
Amsterdam (Netherlands), Lodz (Poland), Oslo 
(Norway), and Rome (Italy) showed that fine 
particles were more inflammogenic than coarse 
particles on a mass basis in rats by intratracheal 
instillation (Halatek et al., 2011). This study 
also revealed seasonal variability of particles 
for the influx of neutrophils in BALF, especially 
in Oslo, whereas the levels of TNF and MIP2 
in BALF depended on both the season and the 
location (Halatek et al., 2011). However, another 
study of intratracheal instillation in spontane-
ously hypersensitive rats of particles (3  mg/kg 
or 10  mg/kg) collected in Munich (Germany), 
Hendrik-Ido-Ambacht (Netherlands), Dordrecht 
(Netherlands), Rome (Italy), and Lycksele 
(Sweden) showed that coarse particles were more 
inflammogenic than fine particles (Gerlofs-
Nijland et al., 2007). Coarse particles were shown 
to be more inflammogenic than fine particles by 
intratracheal instillation in rats (Schins et al., 
2004). Also, both temporal and spatial variation 
in the potency of PM has been shown (Gerlofs-
Nijland et al., 2007; Halatek et al., 2011). A study 
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in Beijing, China, showed higher levels of TNF, 
IL-6, and IL-1 in lung homogenate after intratra-
cheal instillation of PM2.5 compared with the same 
dose of PM10 (7.5 mg/kg), and particles collected 
closest to traffic generated the highest level of 
inflammation (Zhang et al., 2011). Intratracheal 
instillation of ROFA (500 µg/rat) was associated 
with increased levels of neutrophils in BALF as 
well as elevated levels of IL-6, TNF, CCL2, and 
IL-1β (Roberts et al., 2003).

Collectively, there is compelling evidence for 
an association between exposure to air pollution 
particles and pulmonary inflammation in exper-
imental animals.

(ii) ROS production in experimental animals
Relatively few studies have undertaken anal-

ysis of ROS production in vivo after pulmonary 
exposure. Inhalation of CAPs (300  µg/m3 for 
5  hours) or ROFA (1.7  mg/m3 for 30  minutes) 
was associated with increased production of ROS 
in lung tissue, assessed by chemiluminescence 
(Gurgueira et al., 2002). Another study exposed 
rats to oil fly ash (500  µg/rat) by intratracheal 
instillation and subsequently injected 4-POBN 
(a spin trap) in the peritoneum at 1 hour before 
the rats were killed. Lung homogenates from 
exposed rats showed the presence of carbon-cen-
tred alkyl radicals, which were suspected to 
have been derived from peroxidation of lipids 
(Kadiiska et al., 2004).

(iii) Markers of inflammation in cultured cells
Studies on markers of inflammatory responses 

in cultured cells, summarized in Supplemental 
Table S21 (available online), evaluated a variety of 
cytokines. A substantial number of studies have 
documented increased levels of biomarkers of 
inflammation, in regard to cytokines, chemok-
ines, and production of NO in various cell lines 
or primary cell cultures from rodents after expo-
sure to authentic air pollution particles or model 
particles such as EHC93, SRM 1648, SRM 1649, 
or ROFA (Auger et al., 2006; Baulig et al., 2003; 

Becher et al., 2007; Brown et al., 2004, 2007; Fujii 
et al., 2001, 2002; Garçon et al., 2006; Jalava et al., 
2005; Karlsson et al., 2006; Schneider et al., 2005; 
van Eeden et al., 2001; Watterson et al., 2007). 
Exposure of lung epithelial cells and alveolar 
macrophages in co-cultures to ROFA or SRM 
1649 increased the secretion of MIP2 and TNF. 
This effect was not observed in lung epithelial 
cells or alveolar macrophages in mono-cultures 
(Tao & Kobzik, 2002). Higher levels of IL-6, IL-8, 
and IL-1β were also observed in A549/THP-1 in 
co-cultures compared with THP-1 mono-cul-
tures after exposure to PM samples from Milan, 
Italy (Longhin et al., 2013).

Collectively, there is compelling evidence that 
exposure to PM in cultured cells is associated 
with inflammatory reactions, assessed mainly as 
secretion of cytokines and chemokines, which 
may be elicited secondary to oxidative stress in 
the cells. This association between exposure to 
PM and secretion of cytokines is observed espe-
cially in lung epithelial cells and macrophages. 
The inflammation potential seems to be higher 
for coarse particles compared with fine parti-
cles, which is likely to be related to the content 
of endotoxin in the coarse fraction. There is also 
some experimental evidence linking the inflam-
mation reaction in cultured cells to oxidative 
stress and metal-catalysed ROS production, 
although it should be noted that the observations 
are mixed and the linkage between oxidative 
stress and inflammation might depend on both 
the physical–chemical properties of PM samples 
and their constituents.

(iv) ROS production in cultured cells
Studies on ROS production in cultured cells 

are summarized in Supplemental Table  S22 
(available online). It has been shown that expo-
sure to air pollution particles was associated 
with intracellular ROS production, detected as 
oxidation products of 2′,7′-dichlorodihydrofluo-
rescein (DCFH) or dihydroethidium, or chemi-
luminescence in different human cells (Auger 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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et al., 2006; Baulig et al., 2003; Becker et al., 1996, 
2005; Goldsmith et al., 1997; Kamdar et al., 2008; 
Karlsson et al., 2008; Ohyama et al., 2007; Shukla 
et al., 2000; Yi et al., 2014; Zhang et al., 2008). 
Model particles such as SRM 1648, SRM 1649, 
EHC93, and various types of fly ashes have also 
been associated with intracellular ROS produc-
tion (Baulig et al., 2003; Becher et al., 2007, Becker 
et al., 1996, 2005; Di Pietro et al., 2009; Dwivedi 
et al., 2012; Li et al., 2006; Schneider et al., 2005).

A few studies have assessed the ROS produc-
tion potential of EOM in cultured cells. This 
revealed increased ROS production by extracts 
from both urban and rural sites in MCF-7 cells 
(Chen et al., 2013), PM10 from an industrial area 
in HepG2 cells (Jiang et al., 2011), and road 
tunnel particles in A549 cells (Shang et al., 2013).

Collectively, there is compelling evidence for 
intracellular ROS production in cells exposed to 
PM.

(v) Acellular ROS production
Studies on acellular ROS production are 

summarized in Supplemental Table  S23 (avail-
able online). ROS can be detected by electron 
spin resonance (ESR) signals, which are typically 
obtained in experimental conditions with H2O2 
as co-oxidant and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) as spin trap, indicating that the 
assay depends mainly on the presence of transi-
tion metals in the samples (Knaapen et al., 2002; 
Valavanidis et al., 2000, 2005). This is supported 
by observations that coal fly ash produced 
ROS, which correlated with the release of iron 
(Dwivedi et al., 2012; van Maanen et al., 1999). 
Nevertheless, other transition metals can be 
the dominant source of ROS production, which 
has been observed for PM2.5 samples that were 
collected in the San Joaquin Valley, California, 
USA (Shen et al., 2011; Shen & Anastasio 2011, 
2012). In addition, treatment with DFO, catalase, 
or antioxidants (DMSO or dimethylthiourea) 
diminished the ROS production of air pollution 
particles measured by ESR or other assays, such 

as oxidation products of DCFH or deoxyribose 
(Ball et al., 2000; Frampton et al., 1999; Ghio & 
Devlin, 2001; Imrich et al., 2007; Knaapen et al., 
2002; Lindbom et al., 2007).

Collectively, there is strong evidence that 
PM generates ROS in suspensions by at least two 
mechanisms, encompassing transition metal 
catalysis or redox cycling by quinones.

In summary, controlled short-term inha-
lation exposures to CAPs or instillation of PM 
from especially urban areas in Europe and the 
USA have been associated with increased levels 
of pulmonary inflammation and oxidative stress. 
These observations are supported by results from 
cross-sectional and panel studies that show signs 
of pulmonary inflammation, whereas there are 
only few studies on oxidative stress end-points. 
There is strong evidence for pulmonary inflam-
mation in animals after either inhalation or 
intratracheal instillation (or similar ways of 
exposure) of PM from urban air in Argentina, 
Brazil, China, Europe, and the USA. Aqueous 
suspensions of PM from urban areas in China, 
Europe, Japan, and the USA have been associated 
with increased ROS production in cultured cells. 
Organic extracts of PM from cities in China have 
likewise increased the intracellular ROS produc-
tion. Aqueous suspensions of PM from urban 
areas, mainly in Europe and the USA, have 
promoted inflammation reactions in cultured 
macrophages or airway epithelial cells. A few 
studies on PM from China, Mexico, and Senegal 
also indicate inflammation in cultured cells. In 
comparison, very few studies have assessed the 
effect of organic extracts of PM on inflamma-
tion, and the results have been mixed. Aqueous 
suspensions of PM from urban areas, mainly 
in Europe and the USA, have been shown to 
generate ROS production in acellular conditions.

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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4.3.2 Non-cancer effects

Exposure to current-day concentrations of 
outdoor air pollution has been linked with a 
variety of non-cancer health effects ranging in 
severity from subclinical physiological changes to 
mortality, particularly involving cardiovascular 
and respiratory diseases, with evidence of addi-
tional effects on immunological, reproductive, 
and other systems (American Thoracic Society, 
2000; WHO, 2006; Samet & Krewski, 2007) 
(see Supplemental Figure  S3, available online) 
Exposure to outdoor particulate air pollution has 
been estimated to have contributed 3.2  million 
premature deaths and 74.4 million lost years of 
healthy life worldwide in 2010, due to cardiovas-
cular disease, COPD, and acute lower respiratory 
infections, in addition to lung cancer (Lim et al., 
2012). Although mortality and hospitalization 
have been the most studied effects of air pollu-
tion and have important public health impacts, 
the number of people affected by less-severe 
effects is larger (WHO, 2006).

(a) Cardiorespiratory effects

The cardiovascular and respiratory effects 
of outdoor air pollution have been examined in 
many studies worldwide using diverse research 
designs and are summarized in numerous 
reviews and regulatory documents (e.g. Brook, 
2008; Brook et al., 2010; EPA, 2006; Hoek et al., 
2013; Lai et al., 2013; WHO, 2006). The effects 
of airborne PM have been most extensively 
studied. Exposure to PM is linked with increases 
in all-cause, cardiovascular, and respiratory 
mortality, as well as with other cardiovascular 
and respiratory effects, including hospitalization 
for acute respiratory events, decreased lung func-
tion, ischaemic events, stroke, arrhythmia, and 
reduced heart rate variability (Brook, 2008; Hoek 
et al., 2013; Pieters et al., 2012; Samet & Krewski, 
2007; WHO, 2006). Positive associations have 
also been observed between exposure to NOx and 
mortality from all causes and ischaemic health 

disease (Hoek et al., 2013; Mustafic et al., 2012). 
However, because NO2 is closely correlated with 
other air pollutants from traffic-related sources, 
it is difficult to determine whether the effects are 
due specifically to NO2, to other air pollutants, 
or to the complex mixture of pollutants (WHO, 
2006).

(b) Reproductive effects

Prenatal exposure to air pollution has been 
hypothesized to affect the unborn child through 
several mechanisms, including oxidative stress, 
inflammatory processes, endocrine disruption, 
and germ-cell changes (Schwartz, 2004; Slama 
et al., 2008). Research on this topic is still incon-
clusive, but there is some evidence that prenatal 
exposure to outdoor air pollution increases the 
risk of preterm delivery, fetal growth deficit, 
and cardiac birth deficit (Wigle et al., 2008). 
A meta-analysis based on 62 studies estimated 
that exposure to PM, NO2, and CO during preg-
nancy was associated with low birth weight and 
that exposure to PM and CO was associated with 
preterm birth (Stieb et al., 2012). Another system-
atic review of air pollution exposures and birth 
outcomes reported similar conclusions regarding 
low birth weight and preterm birth, as well as 
associations of small-for-gestational-age births 
with prenatal exposure to PM and of preterm 
birth with exposure to SO2 (Shah & Balkhair, 
2011). Transcriptomics allows for more mecha-
nistic and holistic studies by analysing several 
genes that are upregulated or downregulated in 
exposed populations, for example as performed 
in the well-characterized Czech populations, 
including gene profiling of newborns (Šrám et al., 
2013). These studies are explorative.

(c) Immunotoxic effects

Associations between exposures to outdoor 
air pollution and biomarkers of immunotoxicity 
associated with inflammatory responses, for 
example cytokines, have been reported in several 
studies. 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Figures.pdf
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(d) Endocrine effects

Statistically significant associations between 
long-term exposure to traffic-related air pollu-
tion at the residence and diabetes mortality 
were reported in a Danish follow-up study of 
52  061 cohort participants (Raaschou-Nielsen 
et al., 2013a). An association of type 2 diabetes 
in women with traffic-related air pollution meas-
ured by NO2 has also been reported (Brook et al., 
2008). Urinary excretion of 17-ketosteroids and 
17-hydroxycorticosteroids, markers of adrenal 
cortex functions, was reported to be significantly 
lower in male children living in polluted areas 
compared with children living in clean areas 
(Watanabe, 2000), but the paper lacks important 
details about the study population.

4.3.3 Genotoxic and other deleterious effects 
on germ cells

Several lines of evidence have suggested that 
air pollution may cause deleterious effects to 
germ cells in wildlife, experimental animals, and 
humans (reviewed in Samet et al., 2004; Somers 
& Cooper, 2009; Somers, 2011). The studies of 
outdoor air pollution-induced genetic effects in 
germ cells are summarized in Table  4.18 and 
Supplemental Table S24 (available online).

(a) DNA damage and chromosomal 
aberrations in human sperm

See Table 4.18.
Several studies in the Czech Republic have 

evaluated the association of outdoor air pollu-
tion exposure with chromatin damage in 
humans by SCSA. A preliminary study showed 
an increased percentage of sperm with abnormal 
chromatin structure (denatured DNA suscep-
tibility) (expressed as COMPαt, cells outside 
the main population of cells) at periods of high 
air pollution in Teplice (Selevan et al., 2000). 
High COMPαt (>  30) has been associated with 
infertility and spontaneous abortion (Evenson 
et al., 1999). A subsequent 2-year follow-up study 

confirmed that there was a significant association 
between exposure to periods of air pollution and 
the increased DNA damage in human sperm; 
however, there was no association between aneu-
ploidy in sperm and outdoor air pollution (Rubes 
et al., 2005). Rubes et al. also showed that men with 
the GSTM1 null genotype exhibited increased 
susceptibility to sperm DNA damage associated 
with exposure (Rubes et al., 2007). Furthermore, 
significantly higher sperm DNA fragmentation 
index (DFI) values were observed in the winter 
compared with in the spring for police officers 
working outdoors in Prague (Rubes et al., 2010). 
A study in male traffic police in Prague showed 
that they had higher frequencies of aneuploidy in 
their sperm when sampled in January, when the 
PM10 concentrations were high, compared with 
in March, when the PM10 concentrations were 
low (Rubes et al., 1996; Srám et al., 1999).

(b) Mutations in male germ cells and the 
germline in animals

Studies of sentinel wildlife and laboratory 
rodents exposed to outdoor air (summarized in 
Supplemental Table S24, available online) have 
provided evidence for elevated germline muta-
tion induced by air pollution (Somers & Cooper, 
2009; Somers, 2011). Increased rates of germline 
mutations at minisatellite loci (tandem repetitive 
DNA loci) were seen in herring gulls (Larus argen-
tatus) collected from industrial areas with high 
levels of air pollution, and minisatellite mutation 
rates decreased with increasing distance from 
the industrial coking oven and urbanization site 
(Yauk & Quinn, 1996; Yauk et al., 2000). When 
laboratory mice were exposed to outdoor air in a 
polluted industrial area near steel mills, a signif-
icant 1.5–2.0-fold elevation in heritable muta-
tion frequency in the offspring was observed, 
primarily through ESTR mutation events in 
the paternal germline (Somers et al., 2002). This 
heritable mutation frequency was significantly 
reduced when mice were exposed in situ to air 
from a polluted area treated by a HEPA filtration 

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf


Outdoor air pollution

395

system that removed 99.97% of particles 0.3 µm 
in diameter (Somers et al., 2004). [The Working 
Group noted that airborne PM was an important 
factor in induction of germline ESTR mutations.] 
Taken together, the series of studies indicate that 
exposure to outdoor air pollution could cause 
damage to male gametes, as shown in observed 
germline mutations and DNA damage in sperm 
of mice, although their contributions to fertility 
and reproduction are still unknown.

(c) Sperm abnormality in animals

In a sperm morphology study of mice 
treated with extracts of air samples collected 
in Shanghai, China, an increased frequency of 
germ-cell deformations was observed for most 
sites in the winter (Mao et al., 1993). A subsequent 
animal experimental study in Taiyuan, China, 
showed that intraperitoneal treatment of male 
Kunming mice with particle extracts from the 
residential area downwind of a coal combustion 

power plant induced sperm abnormality, CAs of 
spermatogonia and primary spermatocytes, and 
MN in spermatids (Sun et al., 1995). Elevated 
frequencies of head and tail deformities in the 
sperm were observed in feral mice living in an 
area with air highly polluted by automobile 
traffic in Rome, Italy (Ieradi et al., 1996).

In summary, a series of studies in humans, 
wildlife, and experimental animals indicate 
that outdoor air pollution might cause heritable 
mutations, sperm abnormalities, and germ-cell 
DNA damage. The evidence for heritable muta-
tion derives from studies examining gulls as well 
as inbred and outbred mice.

4.3.4 Oncogenic cell transformation

Studies that used cultured animal cells 
to assess the ability of outdoor air to induce 
malignant cell transformation are summarized 
in Supplemental Table  S25 (available online). 

Table 4.18 Genotoxic effects in germ cells of humans exposed to outdoor air pollution

Location Subjects Experimental design/exposure End-point Results Reference

Teplice, 
Czech 
Republic

Young men 
(18 yr)

Semen samples were collected 
from 272 men recruited from 
Teplice (industrialized area) or 
Prachatice (rural area)

Abnormal 
chromatin in 
sperm (SCSA)

Increased percentage of 
sperm with abnormal 
chromatin was associated 
with seasonally elevated 
levels of air pollution

+ Selevan et al. 
(2000)

Teplice, 
Czech 
Republic

Young men 
(19–21 yr)

228 semen samples were 
collected from 36 men in 
different seasons over 2 years

Sperm DFI by 
SCSA 
Aneuploidy

Increased DFI in sperm was 
associated with high levels of 
air pollution. No effect was 
observed for aneuploidy

+ Rubes et al. 
(2005)

Teplice, 
Czech 
Republic

Young men 
(19–21 yr)

Semen samples were collected 
from 35 men in different seasons

Sperm DFI by 
SCSA among 
GSTM1 null

Statistically significant 
association between GSTM1 
null genotype and increased 
SCSA-defined DFI.

+ Rubes et al. 
(2007)

Prague, 
Czech 
Republic

Male 
outdoor 
police 
officers 
(33 ± 5 yr)

Semen samples were collected 
from 47 police officers in winter 
(high pollution) and spring (low 
pollution)

DNA damage 
in sperm (DFI 
by SCSA)

Sperm DFI was significantly 
higher in winter samples 
than in spring samples for all 
police and for non-smokers

+ Rubes et al. 
(2010)

Prague, 
Czech 
Republic

Male 
outdoor 
police 
officers

Outdoor police officers in 
Prague were sampled in winter 
(high pollution) and spring (low 
pollution)

Aneuploidy for 
YY8 (FISH)

YY8 aneuploidy was 
significantly associated with 
the season of heaviest air 
pollution

+ Rubes et al. 
(1996); Srám 
et al. (1999)

+, positive; DFI, DNA fragmentation index; FISH, fluorescence in situ hybridization; SCSA, sperm chromatin structure assay; yr, year or years.

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Tables.pdf
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Several such studies have demonstrated that 
organic extracts of urban air PM can induce 
oncogenic transformation of cultured animal 
cells. Moreover, some studies have demonstrated 
that the resultant transformed cells can form 
malignant tumours in vivo.

4.4 Susceptible populations

4.4.1 Polymorphisms in carcinogen-
metabolizing genes

Studies on the influence of genotype and lung 
cancer risk, and of genotype and biomarkers, are 
summarized in Supplemental Tables S26 and S27 
(available online), respectively.

Data on the roles of genotypes/phenotypes 
related to outdoor air exposure are sparse. 
Hosgood et al. (2007) carried out a meta-anal-
ysis of six studies evaluating the associations of 
GSTM1 null, GSTT1 null, and GSTP1 (105 Val 
polymorphism) genotypes and their associa-
tion with risk of lung cancer in regions where 
exposure to indoor burning of coal, wood, and 
biomass fuels is common. The risk of lung cancer 
was elevated for carriers of the GSTM1 null and 
GSTT1 null genotypes, with the strongest asso-
ciation observed for GSTM1 null carriers in 
four Asian regions where coal smoke is used for 
heating and cooking. However, individual data 
on exposure to air pollution were not available.

4.4.2 Age and sex

The potentially different effects of exposure 
early in life and greater life expectancy from 
childhood could influence the risk of cancer asso-
ciated with air pollution. Indeed, children have 
different susceptibilities owing to their dynamic 
growth and developmental processes as well as 
physiological, metabolic, and behavioural differ-
ences. From conception through adolescence, 
rapid growth and developmental processes 
occur that can be disrupted by exposures 

to environmental chemicals. These include 
anatomical, physiological, metabolic, functional, 
toxicokinetic, and toxicodynamic processes 
(IPCS, 2008). Exposure pathways and exposure 
patterns may also be different in different stages 
of childhood. Children have a higher inhalation 
rate and a higher ratio of body surface area to 
body weight, which may lead to increased expo-
sures. Children’s metabolic pathways may differ 
from those of adults. Children have more years of 
future life and thus more time to develop chronic 
diseases that take decades to appear and that may 
be triggered by early environmental exposures 
(IPCS, 2008). However, aside from the studies 
of childhood cancer reviewed in Section  2.5, 
the Working Group found no specific studies of 
susceptibility in relation to age at exposure.

Men and women differ in body size, conduc-
tive airway size, and ventilatory parameters; 
therefore, sex differences in deposition might 
be expected. Since women are generally smaller 
than men, the increased minute ventilation of 
women compared with their normal ventilation 
could affect deposition patterns. This may help 
explain why sex-related effects on deposition 
have been observed in some studies.

Kim & Hu (1998) assessed the regional depo-
sition patterns of particles of 1  μm, 3  μm, and 
5  μm mass median aerodynamic diameter in 
healthy adult men and women using controlled 
breathing. The total fractional deposition in the 
lungs was similar in men and women for the 1 μm 
particles but was greater in women for the 3 μm 
and 5  μm particles. Deposition also appeared 
to be more localized in the lungs of women 
compared with those of men. Jaques & Kim 
(2000) measured deposition in healthy adults 
using sizes in the ultrafine mode (0.04–0.1 μm). 
Total fractional lung deposition was greater in 
women than in men for 0.04  μm and 0.06  μm 
particles. The region of peak fractional depo-
sition was shifted closer to the mouth, and the 
peak height was slightly greater for women 
than for men for all exposure conditions. These 
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differences were generally attributed to the 
smaller size of the upper airways, particularly 
of the laryngeal structure, in women. In another 
study (Bennett et al., 1996), the total respiratory 
tract deposition of 2 μm particles was examined 
in adult men and women aged 18–80 years who 
breathed with a normal resting pattern. There 
was a tendency for greater deposition fractions 
in women than in men. However, since men 
had greater minute ventilation, the deposition 
rate (i.e. deposition per unit time) was greater in 
men than in women. More recently, Bennett & 
Zeman (2004) found no difference in the depo-
sition of 2 μm particles in boys versus girls aged 
6–13 years (n = 36) (EPA, 2009).

4.4.3 Socioeconomic status

Social inequalities in risk factors may 
account for more than half of the inequalities in 
outcomes of major noncommunicable diseases, 
including lung cancer (Di Cesare et al., 2013). 
Social inequalities in exposure to air pollution 
have been documented and are discussed in 
Section 1.4.3. Research into whether the effects of 
air pollution also differ by socioeconomic status 
has been focused largely on general mortality 
and cardiorespiratory diseases (O’Neill et al. 
2003). However, several studies of cancer and air 
pollution have considered socioeconomic status 
as a potential confounder or effect modifier.

A cohort study in Rome, Italy, reported 
increased relative risks for the association of 
NO2 and PM2.5 and lung cancer with lower levels 
of education and an area-based socioeconomic 
index, but the trends were not statistically signif-
icant (Cesaroni et al., 2013). Several other studies 
of air pollution and lung cancer in Europe and 
North America adjusted for individual or aggre-
gate indicators of socioeconomic status in addi-
tion to other covariates, but did not report results 
according to the levels of socioeconomic indi-
cators (e.g. Jerrett et al., 2013; Carey et al. 2013; 
Raaschou-Nielsen et al. 2013b; Krewski et al., 

2009; Beelen et al., 2008a). In general, the study 
results were not notably changed by adjustment 
for socioeconomic indicators.

4.4.4 Increased risk in diseased populations

Several studies have shown that non-malig-
nant respiratory disease, particularly COPD, 
increases the risk of developing lung cancer 
(e.g. Skillrud et al., 1986; Turner et al., 2007). 
Abnormal regulation of the immune system and 
chronic inflammation appear to be key events 
in this process. In addition, the possibility of a 
genetic basis for lung cancer susceptibility in 
the context of COPD is becoming clear (Rooney 
& Sethi, 2011). Although there is evidence that 
comorbid conditions increase the risk of acute 
mortality associated with exposure to air pollu-
tion, the role of comorbidity has not been inves-
tigated in studies of air pollution and cancer.

4.5 Mechanistic considerations

Outdoor air pollution consists of a mixture 
of complex components, including diesel and 
gasoline engine exhausts, biomass combus-
tion emissions, geological dust, and industrial 
emissions. The complexity of this “mixture of 
mixtures” contributes to the complexity of the 
mechanisms underlying the genetic and related 
effects reported in humans and experimental 
systems. The compiled evidence supports the 
operation of multiple mechanisms that involve 
DNA damage (e.g. formation of bulky adducts, 
strand breaks, oxidatively damaged DNA, and 
induction or alteration of DNA repair pathways), 
cytogenetic damage (e.g. chromosome breaks 
and aneuploidy), somatic- and germ-cell muta-
tion, oncogenic cell transformation, epigenetic 
changes, changes in gene expression, and induc-
tion of oxidative stress and inflammation.
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4.5.1 Outdoor air pollution

Molecular epidemiology studies have been 
conducted in occupationally exposed popu-
lations, the general population in different 
geographical areas, and susceptible populations 
of children. Occupational (e.g. traffic police, bus 
drivers, and mail carriers) or environmental 
(e.g. urban residents exposed to traffic and resi-
dents exposed to combustion sources) exposure 
studies have confirmed significantly increased 
levels of biomarkers of exposure of mutagen-
icity (e.g. urinary 1-OHP and 8-oxodG, urinary 
mutagenic activity, and protein adducts), biologi-
cally active internal exposures (e.g. DNA adducts 
and strand breaks in target tissues), cytogenetic 
damage (e.g. MN and CAs), mutations (in human 
newborns), and changes in gene expression. 
Table  4.19 provides an overview of the mecha-
nistically important/relevant genetic effects in 

humans exposed to elevated levels of outdoor air 
pollution.

Increased susceptibility in humans to the 
effects of outdoor air pollution has been associ-
ated with genetic polymorphisms, for example 
GSTM1 null, alone or in combination with 
selected CYP1A1 genotypes (Hosgood et al. 
2007).

A relatively small number of studies have 
shown that animals exposed to outdoor air pollu-
tion in situ have elevated levels of DNA damage, 
cytogenetic damage, and heritable mutations. 
Pedigree analyses of herring gulls collected 
from urban/industrial areas, as well as pedigree 
and male germ-cell analyses of both inbred and 
outbred mice housed in an area with elevated 
levels of outdoor air pollution (Yauk, 2004; Yauk 
et al., 2008), showed increased levels of germ-cell 
mutations associated with the polluted sites, and 
elimination of the effect via PM removal. The 
hypervariable repeat sequence loci examined 
are not associated with any known phenotype. 
Nevertheless, significant increases in paternal 
germline and germ-cell mutation rates in organ-
isms exposed to outdoor air pollution confirm 
the ability of genetic damage induced by outdoor 
air pollution to be transmitted between gener-
ations. The phenotypic consequences of this 
transmission remain unknown. The most recent 
investigation of heritable germ-cell mutations in 
mice exposed to outdoor air pollution detected 
DNA damage in lung tissue, but not in gonadal 
tissue, suggesting a mechanism independent of 
bulky adduct formation. In situ exposures of 
cattle and mice to polluted outdoor air showed 
significant increases in cytogenetic damage in 
haematopoietic tissues. Numerous studies have 
also documented mutations and cytogenetic 
damage in plants exposed to elevated levels of 
outdoor air pollution.

In addition, there is relatively good evidence 
for the induction of genetic and related effects 
after controlled experimental exposures to 
components of outdoor air pollution (e.g. VOCs, 

Table 4.19 Summary of genetic effects 
reported in molecular epidemiology studies 
of outdoor air pollution

Exposure 
scenario

End-point reported

DNA 
adductsa

Cytogenetic 
damageb

DNA 
strand 
breaksc

Changes 
in gene 
expressiond

Traffic 
police

+ + + NA

Taxi 
drivers

+ + + NA

Bus 
drivers

+ + NA NA

Mail 
carriers

+ + NA NA

Urban 
residents

+ + + +

Urban 
children

+ + + +

a  Refer to Section 4.2.3.
b  Refer to Section 4.2.2.
c  Refer to Section 4.2.3.
d  Refer to Section 4.2.4.
+, positive; NA, not available.
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SVOCs, PM, and PM extracts). Some of these 
components have been previously evaluated for 
their carcinogenic risk to humans (IARC, 2010c, 
2012c, 2013).

4.5.2 Gases

The gaseous portion of outdoor air pollution 
contains well-known pulmonary irritants such 
as ozone and NOx. Although no studies have 
investigated genetic and related effects induced 
by exposures to the gaseous portion of outdoor 
air pollution specifically, reviews of the scientific 
literature indicate that these agents can induce 
genetic effects in vivo (Victorin, 1994, 1996). 
Recent literature suggests that abnormal immune 
system regulation and chronic inflammation are 
key mechanistic features of obstructive pulmo-
nary disorders that enhance lung cancer risk 
(Turner et al., 2007).

4.5.3 Volatile organic compounds

The VOC portion of outdoor air pollution 
can contain a wide range of substances, and the 
occurrence of these substances in outdoor air is 
reviewed in Section  1 of this Monograph. The 
types and concentrations of these substances 
(e.g. benzene, formaldehyde, 1,3-butadiene, and 
styrene) vary with respect to the type of sample, 
the atmospheric conditions, the physical–chem-
ical properties of the compound, and the prox-
imity to known sources. The carcinogenicity of 
these substances and the mechanisms under-
lying their carcinogenic activity are addressed in 
detail in IARC Monograph Volume 100F (IARC, 
2012b).

4.5.4 Semivolatile organic compounds

The SVOC fraction of outdoor air pollution 
also contains a wide range of substances, and the 
occurrence of these substances is also reviewed 
in Section  1 of this Monograph. The types and 
concentrations of these substances in outdoor 

air samples, which can include PAHs and 
nitroarenes that are known mutagenic carcin-
ogens (IARC, 2010c, 2013), vary with respect 
to the sample collection method, the physical–
chemical properties of the compounds, the PM 
concentration and composition, the atmospheric 
conditions, and the proximity to known sources. 
Some components of outdoor polluted air, such 
as PAHs and nitro-PAHs, whether in the vapour 
phase or adsorbed to suspended PM, can be 
metabolically converted to reactive species that 
will bind covalently to DNA in human tissues 
and experimental systems. These substances have 
been previously reviewed by IARC (see Table 1.2 
in Section 1) and several have been classified as 
Group 1, 2A, or 2B agents. The carcinogenicity of 
PAHs and selected nitro-PAHs and the mecha-
nisms underlying PAH- and nitro-PAH-induced 
carcinogenesis are extensively reviewed in IARC 
Monographs Volumes 92 and 105 (IARC, 2010c, 
2013). Volume 105 also provides an evaluation 
of diesel and gasoline engine emissions, impor-
tant components of outdoor air pollution (IARC, 
2013).

A small number of studies provide evidence 
that the SVOC portion of filtered outdoor air 
contains substances that induce mutations in 
bacteria and plants, DNA damage in bacteria, and 
mitotic recombination in Drosophila. Although 
the identity of the implicated substances and 
their mechanisms of action remain unclear, some 
studies have documented the presence of PAHs 
and nitro-PAHs that are known or suspected 
mutagenic carcinogens (Pyysalo et al., 1987; Sera 
et al., 1994; Gupta et al., 1996; Du Four et al., 
2004; Škarek et al., 2007).

4.5.5 Airborne particulate matter

The adsorption of substances with a range of 
physical–chemical properties will influence the 
biological properties of PM in polluted outdoor 
air. Studies on model particles such as carbon 
black and titanium dioxide have shown inverse 
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correlations between particle size and inflam-
mogenicity (Duffin et al., 2007; Stoeger et al., 
2006). Metals ions are involved in generating 
oxidative processes associated with particles 
deposited in the respiratory tract, and thus are 
a source of oxidative stress and inflammation 
(Tao et al., 2003; Li et al., 2008). Absorption 
onto carbonaceous particles of high-molecu-
lar-weight organic compounds, such as PAHs 
and nitro-PAHs, provides a mechanism whereby 
these semivolatile or non-volatile compounds 
can be delivered into the airways, where they can 
be absorbed and metabolically converted into 
reactive intermediates. For genotoxic organic 
compounds adsorbed to PM to manifest their 
genotoxic activity, they must be bioavailable. It is 
clear that organic solvents can effectively remove 
organic compounds from PM in outdoor air, and 
based on results obtained in vitro with bacteria 
and human cells, there is some evidence that 
biological fluids can effectively remove genotoxic 
compounds adsorbed to airborne PM. Ohsawa 
et al. (1983) and Takeda et al. (1983) showed that 
bovine serum extracts of airborne PM can induce 
mutations in Salmonella, but the potency of the 
extracts is low relative to organic solvent extracts. 
Yuan & Xun (1994) and Yuan et al. (1994) showed 
that PM extracts prepared using simulated lung 
fluid can cause DNA damage in cultured human 
amnion cells. Lei et al. (1993) showed that simu-
lated lung fluid PM extracts can induce chromo-
somal damage in mouse haematopoietic cells.

Controlled short-term human exposures 
to concentrated airborne particles have been 
shown to be associated with pulmonary inflam-
mation (Ghio et al. 2000; Samet et al., 2009). 
Nevertheless, the studies did not investigate 
the degree of sustained inflammation observed 
in rodents, most notably rats, at high lung PM 
burdens.

The information available indicates that inha-
lation exposure to PM promotes a pro-oxidant 
and pro-inflammatory milieu. Concomitant ROS 
production, together with exposure to mutagenic 

carcinogens such as PAHs, can be expected 
to give rise to a multitude of DNA lesions. If 
left unrepaired, these lesions can be expected 
to contribute to mutations and chromosomal 
damage that initiate and promote carcinogenesis.

Experimental exposures of rodents to organic 
PM extracts induced chromosomal damage. 
However, only a few studies used a route of 
exposure (inhalation) that is relevant to elevated 
human lung cancer risk attributable to PM 
exposures (Izzotti et al., 1996; Zhao et al., 2001). 
Intratracheal exposures of rats to PM suspen-
sions induced DNA damage measured as strand 
breaks and oxidatively damaged DNA (Meng & 
Zhang, 2007; Lin et al., 2009; Danielsen et al., 
2010; Zhang et al., 2011).

Exposure of Drosophila to PM extracts 
(larval exposure via feed) induced elevations 
in both somatic and germ mutation frequency. 
In addition, in vitro exposures to PM suspen-
sions induced chromosomal damage in human 
lymphocytes and mutations in rat primary 
hepatocytes and Salmonella (Wei & Meng, 
2006a, c; Alfaro-Moreno et al., 1997; Du Four 
et al., 2004). Collectively, these studies indicate 
that pulmonary exposure to PM or PM extracts 
causes genetic damage.

The bulk of published studies that assessed the 
induction of genetic and related effects in exper-
imental systems were performed with organic 
solvent extracts of PM collected from polluted 
locations. Chemical analysis of extracts of PM 
collected from a wide range of locations clearly 
indicates that the matrix contains numerous 
PAHs and nitro-PAHs that are classified by IARC 
as known or probable human carcinogens (Yang 
et al., 1994; Durant et al., 1998; Pedersen et al., 
1999, 2004, 2005; Brits et al., 2004; Calderón-
Segura et al., 2004). Not surprisingly, organic 
solvent extracts of outdoor air can induce CAs, 
MN, SCEs, DNA strand breaks, unscheduled 
DNA synthesis, bulky adducts, and oxidative 
DNA lesions in cultured human cells. In addi-
tion, organic solvent extracts of PM can induce 
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mutations, CAs, aneuploidy, MN, SCEs, DNA 
strand breaks, bulky adducts, and oxidative DNA 
lesions in cultured mammalian cells, as well as 
nuclear and mitochondrial DNA mutations and 
gene conversion in yeast, and mutations and 
DNA damage in bacteria. Finally, organic PM 
extracts can induce bulky adducts, DNA strand 
breaks, and oxidative lesions in naked DNA in 
solution.

In addition, effects induced by water and/or 
acid extracts of PM are also well documented. 
For example, acid extracts of PM induce MN 
and DNA strand breaks in cultured human 
lymphocytes (Yuan et al., 1999a, b; Jayasekher, 
2009). Acid extracts contained transition metals, 
including nickel and chromium, which are 
known to participate in Fenton reactions that 
generate reactive peroxide and hydroxyl radi-
cals, which contribute to the formation of ROS. 
Indeed, aqueous extracts of airborne PM have 
been shown to induce DNA strand breaks in rat 
lung, oxidative lesions on naked DNA in solution, 
the formation of ROS in vitro, and the formation 
of ROS in cultured mammalian cells.

Genetic and related effects of outdoor air 
pollution and other mechanistic events

Tables 4.20 and 4.21 summarize the genetic 
and related effects in humans and experimental 
systems induced by exposures to outdoor air 
pollution and samples derived from outdoor air 
pollution. A large body of evidence clearly indi-
cates that humans exposed to elevated levels of 
outdoor air pollution have increased levels of 
chromosomal damage, including chromosome 
breaks and aneuploidy. Similar effects in experi-
mental systems, both in vivo and in vitro, are also 
well documented. In addition, a variety of other 
genotoxic effects in humans and experimental 
animals exposed to elevated levels of outdoor air 
pollution or samples derived from outdoor air 
pollution (e.g. PM and PM extracts) are also well 
documented (e.g. mutations, DNA strand breaks, 
stable DNA adducts, and oxidized nucleobases). 
Sustained inflammation is induced in humans 
and experimental animals exposed to elevated 
levels of outdoor air pollution or samples derived 
from outdoor air pollution.

Table 4.20 Summary by end-point of genetic and related effects induced in humans and 
experimental systems by exposure to outdoor air pollution or samples derived from outdoor air 
pollution

End-point Humans Experimental 
animals

Mammalian 
cells

Plants Bacteria Acellular

Mutations (+)a + + + + –b

Cytogenetic damage (CAs, MN, 
SCEs)

+ + + + NA NA

Stable DNA adducts + + + NE NE +
DNA strand breaks + +/−c + NE NE +
Oxidatively damaged DNA + +/−d + NE NE +
Oxidative stress and 
inflammation

+ + + NE NE +

Cell transformation NA NA + NA NA NA
Epigenetic changes + + NE NE NE NA

a  Limited information available.
b  Not applicable.
c  Few studies, conflicting results. See Table 4.10, Section 4.2.3c.
d  Few studies, conflicting results. See Supplemental Table S14 (available online), Section 4.2.3e.
+, positive; –, negative; CAs, chromosomal aberration; MN, micronuclei; NA, not available; NE, not evaluated; SCEs, sister chromatid 
exchanges.
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Cross-sectional studies of humans lend 
support to the contention that alterations in 
the pattern of DNA methylation in circulating 
lymphocytes can be induced by exposure to high 
levels of outdoor air pollution (Hou et al., 2011).

Polluted outdoor air can contain a wide 
range of agents, and the PM fraction is known 
to contain several substances that can initiate 
tumour formation via genetic damage and muta-
tion (e.g. PAHs and transition metals), as well as 
less-harmful constituents that induce responses 

that contribute to tumour promotion (e.g. inflam-
mation). In sum, there is compelling evidence 
across species and experimental systems that 
exposure to air pollution PM is associated with 
increased levels of DNA damage, mutations, and 
chromosomal damage. Other mechanistic events 
include sustained proliferative signalling, evasion 
of growth suppression, resistance to cell death, 
stimulation of angiogenesis, replicative immor-
tality, activation of invasion, and metastasis (see 
Supplemental Figure S4).

Table 4.21 Summary by exposure of genetic and related effects in humans and experimental 
systems induced by exposure to outdoor air pollution or samples derived from outdoor air 
pollution

Agent End-point induced

Human Experimental systemsa

Outdoor air pollution Mutationsb, CAs, MN, SCEs, DNA 
strand breaks, oxidative DNA lesions, 
bulky DNA adducts

Somaticc and gameticd mutations, CAs in mice, MN in 
plants, bulky DNA adducts, DNA strand breaks, oxidized 
nucleobases

VOCse NE
SVOCsf NA Somaticb and gameticg mutations, SCEs in murine cells, 

mutations in bacteria, DNA damage in bacteria
Airborne suspension 
of concentrated PM 
(CAPs)

DNA strand breaks, oxidative 
DNA lesions, oxidative stress, 
inflammation

NA

PM suspensions Inflammation Mutations in bacteria and mammalian cells, CAs in human 
cells, strand breaks in mammalian cells and naked DNA, 
ROS formation

Aqueous or acidic PM 
extracts

NA DNA strand breaks in rat lung, MN and DNA strand breaks 
in human cells, oxidative DNA lesions, ROS formation in 
mammalian cells and in vitro

Organic solvent PM 
extracts

NA CAs, MN, SCEs, DNA strand breaks, unscheduled DNA 
synthesis, bulky adducts, and oxidative DNA lesions in 
human cells. Mutations, CAs, aneuploidy, MN, SCEs, 
bulky adducts, oxidative DNA lesions, and ROS formation 
in mammalian cells. Nuclear and mitochondrial DNA 
mutations and mitotic recombination in yeast. Mutations 
and DNA damage in bacteria

a  Includes experimental and in situ plant, animal, and insect exposures, exposures of human cells in vitro, exposures of mammalian cells in 
vitro, exposures of yeast and bacteria, and exposures of naked DNA.
b  Single study of newborns in the Cracow region of Poland (see Section 4.2.1a).
c Drosophila and Tradescantia only.
d  Mice and herring gulls exposed in situ.
e  Operationally defined as substances that exist in vapour phase at ambient temperatures and pressures.
f  Operationally defined as substances that exist partially in vapour phase at ambient temperatures and pressures. Balance adsorbed to PM.
g Arabidopsis only (seed exposure).
CAs, chromosomal aberrations; CAPs, concentrated ambient particles; MN, micronuclei; NA, not applicable; NE, not evaluated; PM, particulate 
matter; ROS, reactive oxygen species; SCEs, sister chromatid exchanges; SVOCs, semivolatile organic compounds; VOCs, volatile organic 
compounds.

http://monographs.iarc.fr/ENG/Monographs/vol109/109-S4-Supp-Figures.pdf
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5.1 Exposure data

5.1.1 The agent and its components

Air pollutants are ubiquitous – from anthro-
pogenic activities and natural processes – and 
global, and cross international boundaries. Levels 
of individual contaminants can vary dramati-
cally between locations, due to the contributing 
sources and atmospheric processing, which 
mixes and transforms pollutants and transports 
them across great distances. Several important 
species are formed in the atmosphere and are not 
directly emitted. Air pollution is a mixture of 
mixtures, which can be viewed from source-ori-
ented or component-oriented perspectives. Any 
outdoor air pollution mixture includes gases and 
suspended particles that are constantly inter-
acting. Gaseous pollutants include photochem-
ical oxidants, numerous organic compounds, 
carbon monoxide (CO), volatile metals, and 
nitrogenous and sulfurous species. Suspended 
particles (a heterogeneous mixture of liquids and 
solids referred to as particulate matter [PM]) are 
also a very complex mixture, with variable and 
dynamic chemical composition and physical 
characteristics. Many of the individual species 
and mixtures present in air have been classified by 
IARC as Group 1 (e.g. benzene, benzo[a]pyrene, 
chromium (VI), and dioxin) and Group 2A 
carcinogens.

5.1.2 Sources

Although there are many sources of outdoor 
air pollution, the largest contributors of air 
pollutants in many locations are: mobile sources; 
stationary power generation; other industrial 
and agricultural emissions; residential heating 
and cooking; re-emission from terrestrial and 
aquatic surfaces; the manufacturing, distribu-
tion, and use of chemicals; and natural sources. 
The distribution of these sources, the implemen-
tation of emissions control technologies, and the 
resulting emissions vary considerably between 
and within regions. Many of these sources 
have diurnal, weekly, and seasonal patterns in 
emissions. Some important regional trends in 
source contributions to air pollution include: 
(1) substantial contributions from residential 
burning of solid fuels in developing countries 
in Asia, Africa, and parts of South America;  
(2) substantial contributions from coal-fired 
power plants in China; (3) substantial contribu-
tions from stationary sources in heavily industri-
alized cities where advanced emissions controls 
are not present; (4) large episodic dust storms in 
Asia, Africa, and the Middle East; and (5) mobile 
sources, which contribute to varying degrees in 
urban areas.

5.1.3 Measurement methods

A wide variety of measurement methods 
are applied to measure concentrations of air 
pollutants. Therefore, comparisons of meas-
urements across space or time need to consider 

5. SUMMARY OF DATA REPORTED
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these differences. Most methods for regulated 
gaseous pollutants, such as CO, nitrogen dioxide 
(NO2), sulfur dioxide (SO2), and ozone, use in 
situ continuous monitors for hourly averaged (or 
shorter-duration) concentrations, whereas PM is 
most often measured using integrated sampling 
systems on filter substrates for air passed through 
size-selective inlets to determine mass concen-
tration and major components such as multi-el-
ements, ions, and carbon. Passive sampling is 
increasingly used to assess spatial variation, 
particularly for gases. With specified standard 
operating procedures and quality assurance/
quality control, within- and between-network 
consistency may be achieved.

5.1.4 Environmental occurrence

In some countries outdoor air quality is 
monitored routinely in networks. Measurement 
methods and site selection differ between 
networks, partially limiting comparisons 
between countries. Satellite-based approaches 
provide global estimates, filling the gaps for a 
limited number of pollutants (e.g. PM with parti-
cles of aerodynamic diameter < 2.5 μm [PM2.5], 
NO2, SO2, and formaldehyde). Network and 
satellite data have shown large variability across 
countries of concentrations of PM with particles 
of aerodynamic diameter < 10 μm (PM10), PM2.5, 
NO2, and other pollutants. Annual average PM2.5 
concentrations range from below 10 µg/m3 to well 
above 100 µg/m3. In many areas, World Health 
Organization (WHO) air quality guidelines for 
PM2.5 are substantially exceeded. High PM2.5 
concentrations are observed in South and East 
Asia and North Africa. High NO2 concentra-
tions are observed in areas with high population 
density and traffic density. Within countries, 
high concentrations are observed in urban areas 
and around traffic sites and industrial locations. 
Significant spatial variability is present, related 
to urban–rural differences and proximity to 
sources or source areas.

Trends differ by pollutant and region of the 
world. In North America and Europe, concen-
trations of major pollutants such as PM, SO2, 
and NO2 have decreased substantially in the past 
30 years. In many developing countries, concen-
trations have increased with rapid economic 
development.

5.1.5 Exposure assessment in epidemiological 
studies

Epidemiological studies of relationships 
between air pollution exposure and cancer require 
long periods of observation and large popula-
tions. Therefore, it is almost impossible with 
currently available approaches to assess exposure 
via personal monitoring. Rather, epidemiological 
studies use measured or modelled concentrations 
of outdoor air pollution as the primary basis for 
exposure estimation. Air quality monitoring is 
usually limited to measurements of a relatively 
small number of indicator pollutants collected at 
discrete locations. Epidemiological studies have 
typically used centrally located outdoor monitors 
or geostatistical averaging of multiple measure-
ments within a single study area in analyses of 
between-area variation in exposure, and various 
modelling techniques (e.g. atmospheric transport 
and land-use regression models), sometimes in 
combination with detailed spatial and temporal 
measurements, to assign individual estimates 
of exposure. Evaluation of these models indi-
cates that they can accurately estimate outdoor 
concentrations at residential locations. More 
recently, satellite-based estimates, sometimes in 
combination with land-use information, have 
been used to produce relatively high resolution 
and compatible estimates of concentrations at 
national (and even global) scales, including rural 
areas, where in situ measurements are generally 
not available. Since it is important to estimate 
exposures over long time periods, assessments 
can be improved by using both estimates of 
air pollution concentrations for extended time 
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periods and residential histories for the study 
population of interest.

5.1.6 Personal exposure

Personal exposure is typically not used to 
assess exposure in epidemiological studies of air 
pollution and cancer but can be used to assess 
the agreement with outdoor exposure estimates. 
Human biomarkers of exposure provide infor-
mation about individual exposures that may be 
used in evaluation studies.

There is strong evidence that temporal varia-
tion of outdoor concentration is correlated with 
temporal variation of personal exposure to fine 
particles. The few studies that have evaluated the 
agreement between average outdoor concentra-
tion estimated at a fine scale and personal expo-
sure have generally found a moderate agreement, 
which differed between pollutants and studies. 
A few studies comparing personal exposure of 
subjects in cities with different outdoor air pollu-
tion concentrations have shown a strong corre-
lation between average personal exposure and 
city-average outdoor concentration.

Personal exposure to air pollution is deter-
mined by the pollutant concentration in the 
microenvironment and by the time–activity 
patterns and location of individuals, including 
outdoors, indoors, and in transit. Personal expo-
sures differ from those estimated based solely on 
outdoor concentrations because of time–activity 
patterns, variable infiltration of outdoor air 
pollution into indoor environments, and indoor 
sources. Thus, for studies of health effects of 
outdoor air pollution, the contributions from 
indoor and outdoor sources to total personal 
exposure should be considered separately.

People generally spend a large fraction of 
their time indoors (typically about 80–90%). A 
substantial fraction of the time spent indoors 
is spent in the home, supporting the assess-
ment of exposure based upon the residential 
address. Because of the high fraction of time 

spent indoors, infiltration of outdoor pollu-
tion indoors is an important factor that modi-
fies exposure. Infiltration varies substantially 
between pollutants and homes/buildings and by 
season. Relatively high infiltration factors (≥ 0.5) 
have generally been found for fine particles 
(particularly sulfate and elemental carbon) and 
CO. Lower infiltration factors have been found 
for ultrafine and especially coarse particles, NO2, 
and ozone. For pollutants with lower infiltration 
factors, the potential for misclassification of expo-
sure based on outdoor concentrations is higher. 
Infiltration factors are affected strongly by air 
exchange rates, which differ between homes and 
by season. Despite the typically small fraction of 
their time (< 10%) that people spend in traffic, the 
contribution to average personal exposure may 
be substantial because of the high concentrations 
found in traffic areas. Outdoor workers such as 
street vendors, traffic police, and toll booth oper-
ators experience long exposure durations and 
elevated exposure levels.

5.1.7 Guidelines and regulations

Given the chemical complexity of outdoor air 
pollution and the large number of anthropogenic 
sources, air pollution is managed with a combi-
nation of air quality standards for selected pollut-
ants, regulation of sources, emissions permitting, 
and indirect control of sources, such as land-use 
regulation. Although the regulatory framework 
for outdoor air pollution control differs consid-
erably across countries and across local govern-
ment agencies within countries, most regions 
of the world have air quality standards for key 
air pollutants (ozone, SO2, NO2, CO, and PM, 
although there is limited specification on the 
components of PM). The control of these pollut-
ants has beneficial consequences for the control 
of other pollutants. Useful air quality regula-
tions include an indicator, a specified averaging 
time, and a statistical form, which is effectively 
the number of exceedances that are allowed. In 
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some locations where air quality standards have 
not been developed, WHO guidelines are used as 
a reference for air quality management. In many 
locations around the world, compliance with air 
quality standards and WHO guidelines is not 
achieved.

5.2 Human carcinogenicity data

5.2.1 Cancer of the lung

The association of exposure to outdoor air 
pollution with lung cancer risk has been examined 
in cohort and case–control studies conducted in 
countries in Europe, North America, Asia, and 
Oceania. Several of these are large studies of 
general population cohorts with individual-level 
information on cancer risk factors, including 
tobacco smoking, and with quantitative esti-
mates of exposure to outdoor air pollution. 
Some relevant information is also available from 
studies of workers exposed to outdoor air pollu-
tion in their jobs. Other studies have evaluated 
the occurrence of lung cancer in populations 
potentially exposed to emissions from various 
specific sources and industries.

In evaluating the evidence from these epide-
miological studies, the Working Group placed 
the greatest weight on cohort studies with quan-
titative exposure data within the general popu-
lation. The most commonly examined pollutant 
in these studies was PM2.5. The studies provided 
information on other indicators of atmospheric 
PM, including PM10, total suspended particles, 
and black smoke, and other common compo-
nents of air pollution, including nitrogen oxides 
(NOx), NO2, SO2, and ozone. Several studies 
included indicators of exposure to traffic based on 
proximity to roads or traffic volume. The spatial 
and temporal scale at which the exposures were 
assessed in these studies varied widely, and few 
studies specifically considered exposure-time–
response relationships.

Large cohort studies have been conducted 
almost exclusively in high-income countries, 

mostly in North America and Europe, and 
results of some studies have been reported in 
numerous publications. The follow-up of these 
studies extends from as early as the 1970s 
through 2010. During that period, outdoor air 
pollution levels generally declined in North 
America and Europe. The Working Group 
judged that among the North American studies, 
the Harvard Six Cities Study, the analyses of the 
American Cancer Society (ACS) cohort (espe-
cially the results for never-smokers), and the 
California Teachers Study (particularly its anal-
ysis for never-smokers) were the most informa-
tive for the evaluation of carcinogenicity. Among 
the European cohort studies, those judged to be 
most informative were studies conducted in Oslo 
(Norway), the Netherlands, Denmark, and Rome 
(Italy), and a Europe-wide study of 17 cohorts 
from the ESCAPE study. Of studies in other 
areas of the world, one study from New Zealand 
and two studies from Japan were considered to 
be the most informative because of the detailed 
exposure assessment or adjustment for potential 
confounders, including indoor air pollution.

Two large cohort studies – the European 
ESCAPE study and the ACS study in the USA – 
are particularly informative for their large scale, 
exposure assessment based on actual measure-
ments, the broad range of exposures consid-
ered, very detailed information about potential 
confounders (e.g. duration and intensity of 
smoking), and standardization of methods. In 
addition, the ESCAPE study had incidence data 
and histological classification of lung cancer 
cases.

The Working Group also considered case–
control studies in Europe and North America. 
Considering study design, availability of quanti-
tative exposure estimates, sample size, and ability 
to control for confounders, the Working Group 
judged that population-based studies conducted 
since 1990 in Canada, Poland, and Sweden were 
informative.

Earlier case–control studies (before 1990) 
had several limitations: some were based on 
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deceased subjects, had a low response rate among 
controls, had a small sample size, used rather 
crude exposure assessment methods, and lacked 
adjustment for smoking as a possible confounder. 
Consequently, the Working Group gave these 
studies little weight.

Other case–control studies of populations 
potentially exposed to local sources of industrial 
emissions were reviewed but were considered to 
be less informative of a relationship between the 
general air pollution mixture and lung cancer 
risk because of the unique nature of the exposure 
sources and methodological limitations similar 
to those of the group of studies mentioned 
previously.

Overall, studies with quantitative measures 
of outdoor air pollution showed positive asso-
ciations with lung cancer in both sexes and in 
cohort and case–control studies from all regions, 
with the potential confounding and effect modi-
fication by tobacco smoking accounted for by 
adjustment or stratification. A large number of 
potential individual- and area-level confounders 
were considered in the most informative studies, 
and overall there was no evidence of a substantial 
impact of these factors on the estimated associ-
ations. Some studies provided analyses strati-
fied by smoking or restricted to never-smokers, 
and associations of lung cancer with outdoor 
air pollution were similarly observed in these 
studies.

Most cohort and case–control studies esti-
mated relative risks using multiplicative models 
with a continuous variable for exposure, which 
assumes a linear exposure–response relation-
ship. Evaluation of alternatives to a linear 
exposure–response model (i.e. smoothed terms 
or categorical modelling) was reported in the 
Harvard Six Cities Study, the ACS study, the 
Canadian case–control study, the Rome study, 
and the ESCAPE study. All studies that assessed 
smoothed exposure–response relationships 
found no statistically significant deviation 
from linearity. The results obtained with these 

approaches were consistent with those described 
previously, generally indicating increasing risk 
of lung cancer with increasing levels of exposure.

The available studies used a range of quan-
titative or qualitative estimates of exposure. 
Quantitative estimates were mainly for PM (PM2.5 
or PM10) and NO2 or NOx. Qualitative or semi-
quantitative estimates included traffic density or 
distance from heavy-traffic roads. The relative 
risk estimates for PM2.5 and PM10 were indicative 
of positive associations in almost all the studies. 
When exposure–response relationships were 
examined, these generally indicated increasing 
risk of lung cancer with increasing levels of 
exposure to PM. There also was a suggestion of 
increasing risk with increasing levels of exposure 
to NO2 and/or NOx, but results were inconsistent.

In summary, both cohort and case–control 
studies with exposures assessed in the population 
setting, involving millions of subjects and many 
thousands of lung cancer cases in different parts 
of the world, consistently showed an association 
between exposure to outdoor air pollution and 
the risk of lung cancer, in both sexes and after 
adjustment for the main potential confounders. 
The association was present in almost all studies 
that specifically investigated the association of 
lung cancer and outdoor air pollution among 
never-smokers. Positive exposure–response 
relationships were reported in several studies. 
Although all of the studies are subject to error 
in estimating exposure, the most likely effect of 
such error is attenuation of the risk estimates. 
While not definitive in themselves because of 
the limitations noted previously, the findings of 
occupational cohort studies suggesting an asso-
ciation between professional driving and risk of 
lung cancer are supportive.

In addition to considering particulate matter 
in outdoor air as an indicator of the overall air 
pollution mixture, the Working Group also 
evaluated PM as a causal agent using the same 
body of epidemiological evidence. Because most 
evidence for an association between outdoor air 
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pollution and cancer comes from results for PM, 
the evidence for PM and lung cancer is gener-
ally similar to that for outdoor air pollution as a 
whole. Positive exposure–response relationships 
have been observed, and confounding and other 
forms of bias can be excluded with reasonable 
confidence for the reasons described previously. 
A challenge in interpreting the observed associ-
ations for PM lies in determining whether they 
are an effect of PM as a causal agent or of PM as 
a surrogate for the outdoor air pollution mixture 
or other components of it. One hypothetical 
alternative to PM as a causal agent is the exist-
ence of gas-phase carcinogens, highly correlated 
with PM concentration, that are the actual cause 
of lung cancer attributed to PM. However, this 
alternative is unrealistic and is contradicted by 
the known presence of multiple carcinogens 
in airborne PM. Furthermore, associations 
have been observed in multiple locations with 
different pollution mixtures, and lung cancer 
risk increases with increasing concentrations of 
mass-based PM indicators.

The Working Group also considered the 
evidence on traffic in relation to the risk of lung 
cancer. These studies used diverse approaches 
to estimate exposure to traffic. Six studies used 
measures of traffic intensity or distance from 
heavy-traffic roads as surrogate measures of 
exposure to traffic-related air pollution, and 
the reported associations with lung cancer were 
inconsistent. Four studies, including one that also 
reported associations for qualitative indicators of 
traffic exposure, explicitly modelled NO2 or NOx 
from traffic using dispersion models. Three other 
studies labelled NO2 estimates as indicators of 
exposure to traffic, but the Working Group did 
not consider them exclusively as such because 
the estimates also included other sources of NO2. 
The Working Group considered the evidence on 
pollution from traffic sources as supportive of 
an overall relationship between lung cancer and 
outdoor air pollution.

5.2.2 Cancer of the urinary bladder

Seven studies with cohort or case–control 
designs directly evaluated the association of 
cancer of the bladder with metrics of exposure 
to outdoor air pollution, traffic, or traffic fumes. 
In several studies, some of which adjusted for 
tobacco smoking, an increased risk of bladder 
cancer was associated with these exposure 
metrics.

Several studies also demonstrated a higher 
risk among people who were occupationally 
exposed to potentially high levels of outdoor air 
pollution after accounting for tobacco smoking. 
Since these studies involved occupations (specif-
ically taxi, bus, and truck drivers) as surrogate 
indicators of exposure to outdoor air pollution, 
and specific air pollutants were not measured, 
the Working Group did not place as much weight 
on these studies in its evaluation.

5.2.3 Other cancer sites

The Working Group also reviewed in 
detail studies of breast cancer, leukaemia and 
lymphoma, and several other cancers in addition 
to those of the lung and bladder. The evidence 
of carcinogenicity for these sites was based on a 
relatively small number of informative studies, 
and the observed associations were inconsistent.

However, the Working Group noted that 
weak associations with childhood leukaemia 
(especially acute lymphoblastic leukaemia) could 
not be ruled out. Some of these were reported in 
studies that were informative because they were 
large, were population-based, used incidence as 
the end-point, used validated exposure assess-
ment methods, had no potential for recall bias, 
and had no or limited potential for selection 
bias. Although the associations with childhood 
leukaemia were suggestive, they were incon-
sistent. There was also a tendency for stronger 
associations to be published in the smaller 
studies, indicating evidence for potential publi-
cation bias.
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5.3 Animal carcinogenicity data

5.3.1 Studies of air pollutants evaluated in 
previous IARC Monographs

The Working Group reviewed and updated 
studies in experimental animals of the carcino-
genicity of several components of air pollu-
tion that were evaluated in previous IARC 
Monographs. Inhalation exposure to emissions 
from combustion of coal caused high incidence 
of malignant lung tumours in two studies in mice 
and one study in rats. Emissions from combus-
tion of wood caused an increased incidence of 
lung tumours (mainly adenocarcinomas) in one 
study in mice but not in another study in rats. 
Four skin application or subcutaneous injection 
studies using coal-derived soot extracts in mice 
and two subcutaneous injection studies using 
wood smoke extracts in mice showed increased 
incidences of lung cancers or skin tumours. 
Only one new skin application study using wood 
smoke extract in mice (judged inadequate for 
the evaluation) and no new studies on emis-
sions from combustion of coal were available 
to the Working Group since the previous IARC 
Monographs evaluation.

It has been shown in 11 studies in rats that 
whole diesel engine exhaust from engines 
produced before 2000 caused an increased inci-
dence of benign and/or malignant lung tumours 
after long-term inhalation exposure. All studies 
in mice exposed to whole diesel engine exhaust 
were negative except one, which showed incon-
sistent results. No increase in the incidence of 
lung tumours was observed in hamsters exposed 
to whole diesel engine exhaust. The gas phase of 
diesel engine exhaust (i.e. without particles) did 
not cause an increase in lung tumours in mice, 
rats, or hamsters. Diesel engine exhaust parti-
cles caused malignant lung tumours in rats after 
intratracheal instillation in one study. Extracts 
of diesel engine exhaust particles caused malig-
nant lung tumours in rats after intrapulmonary 
implantation in one study and malignant fibrous 

histiocytomas in mice after subcutaneous injec-
tion in another study. Only one new skin appli-
cation study using diesel engine exhaust particle 
extract in mice (a negative study) was available 
to the Working Group since the previous IARC 
Monographs evaluation.

In previous studies, no lung tumours were 
observed in rats, hamsters, or dogs after inhala-
tion exposure to whole gasoline engine exhaust. 
However, gasoline engine exhaust condensates 
induced malignant tumours of the skin in three 
skin application studies in mice, malignant lung 
tumours in one intrapulmonary implantation 
study in rats, and pulmonary adenomas in one 
intratracheal instillation study in hamsters. 
No new studies on gasoline engine exhaust 
were available to the Working Group since the 
previous IARC Monographs evaluation.

5.3.2 Inhalation studies of exposure to 
outdoor air

In one study in male and female mice, in 
a first experiment, traffic-related outdoor air 
pollution in São Paulo, Brazil, caused an increase 
in the incidence of lung adenoma and increased 
the incidence and multiplicity of urethane-in-
duced lung adenoma. In a second experiment, 
traffic-related outdoor air pollution promoted 
urethane-induced lung adenoma incidence in 
a dose-dependent manner. In another study in 
female mice, exposure to traffic-related outdoor 
air pollution in São Paulo increased the average 
number of lung adenomas per urethane-ex-
posed animal. In a third study in mice exposed 
to traffic-related outdoor air pollution in São 
Paulo, there was no increase in the multiplicity 
of urethane-induced lung adenomas.

A study in male and female mice exposed 
to outdoor air in Los Angeles, USA, which gave 
inconsistent results, was judged inadequate for 
the evaluation.

A study in male and female rats exposed to 
outdoor air in Los Angeles gave negative results.
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5.3.3 Non-inhalation studies of exposure to 
outdoor air

In a subcutaneous injection study in male 
and female mice, the crude benzene extract of 
PM sampled from outdoor air increased the inci-
dence of injection-site tumours (mainly sarcomas 
and fibrosarcomas). In a second study in mice, a 
benzene extract increased the incidence of local 
fibrosarcomas. In a third study in female mice, 
several benzene extracts increased the incidence 
of injection-site sarcomas. In a fourth study in 
pre-weaned mice, a benzene extract increased 
the incidence of pulmonary adenocarcinoma 
and of multiple pulmonary adenoma in male and 
female mice. In a fifth study in newborn mice, a 
benzene extract of PM sampled from outdoor air 
increased the incidence of hepatoma in male mice 
and of multiple pulmonary adenoma in male 
and female mice. In a sixth study in newborn 
mice, different fractions of a benzene extract 
increased the incidence of tumours in male and 
female mice. In a seventh study in newborn mice, 
a neutral fraction of outdoor air particulates 
increased the incidence of pulmonary adenoma 
in male and female mice. Two studies in mice 
were judged inadequate for the evaluation.

In a skin application study in male and 
female mice, the benzene extract of PM sampled 
from outdoor air increased the incidence of 
skin papilloma and squamous cell carcinoma. 
Another skin application study in male and 
female mice was judged inadequate for the eval-
uation. In two two-stage carcinogenesis studies 
in mice, skin application of dichloromethane 
extracts initiated skin papillomas promoted by 
12-O-tetradecanoylphorbol-13-acetate (TPA). A 
study on the role of aryl hydrocarbon receptor 
(AhR) using AhR+/+ and AhR−/− female mice was 
judged inadequate for the evaluation.

One intraperitoneal injection study of 
benzene extract of PM sampled from outdoor 
air in mice and one intravenous injection study 
of PM sampled from outdoor air in mice were 
negative.

One intratracheal instillation study in male 
rats exposed to an extract of PM sampled from 
outdoor air was judged inadequate for the 
evaluation.

5.4 Mechanistic and other relevant 
data

5.4.1 Toxicokinetic considerations, including 
inhalation, deposition, clearance, and 
metabolism

The toxicokinetics of several classes of 
compounds that contribute to outdoor air 
pollution have been described in earlier IARC 
Monographs (see Section 4.1).

Some PM present in outdoor air is poorly 
soluble in water and may thus persist in the 
respiratory tract, producing effects associated 
with particle toxicity, such as inflammation and 
oxidative stress. The deposition of particles in the 
respiratory tract depends primarily on the size of 
the inhaled particle, the route of breathing, and 
the breathing pattern. Particles that deposit in 
the tracheobronchial region are cleared by muco-
ciliary clearance; for particles that deposit in the 
alveolar region, the primary mechanism of clear-
ance is phagocytosis by alveolar macrophages, 
followed by migration of the macrophages to the 
terminal bronchioles and subsequent mucocil-
iary clearance. Particles that are cleared via the 
mucociliary escalator, whether from the tracheo-
bronchial region or the alveolar region, can then 
be swallowed or expectorated. If swallowed, they 
will pass through the gastrointestinal tract and 
will subsequently be eliminated via the gut.

The deposition and clearance of particles 
can vary across individuals, depending on age, 
sex, tobacco smoking status, and pre-existing 
diseases such as asthma or chronic obstructive 
pulmonary disease.

Inhaled lipophilic organic vapours and gases 
readily distribute throughout the respiratory 
tract and are absorbed into the blood. Organic 
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compounds in PM or adsorbed to atmospheric 
PM can be extracted by biological fluids.

Many studies in humans that investigated the 
exposure and metabolism of organic substances 
adsorbed to PM in outdoor air have used meas-
urements such as urinary concentrations of 
hydroxylated polycyclic aromatic hydrocarbons 
(PAHs) as indicators of exposure and metab-
olism. These studies have demonstrated the 
ability of humans to be exposed to carcinogenic 
organic pollutants such as PAHs and, more-
over, to adsorb, distribute, metabolize, and 
excrete the metabolites. Additional studies have 
described haemoglobin adducts of nitro-PAHs 
and low-molecular-weight alkenes. Collectively, 
the results showed that urinary 1-hydroxypyrene 
and haemoglobin adducts (hydroxyethyl-va-
line and hydroxypropyl-valine) were present in 
populations exposed to outdoor air pollution.

5.4.2 Genetic and related effects of outdoor 
air pollution

(a) In humans

Studies have investigated the ability of unal-
tered outdoor air to induce genetic and related 
effects in humans and experimental systems that 
are mechanistically linked to cancer. Studies of 
people exposed to outdoor air pollution in occu-
pational settings (e.g. traffic police, mail carriers, 
and newspaper vendors) or by living in areas 
with elevated levels of outdoor air pollution have 
shown enhanced frequencies of genetic damage 
(chromosomal aberrations and micronuclei) in 
lymphocytes of exposed individuals compared 
with controls. In addition, studies have shown 
an association between selected genetic poly-
morphisms, such as glutathione S-transferase 
M1 (GSTM1) null, and an increased frequency 
of genotoxic damage. A single observational 
study of newborns in an area with elevated levels 
of outdoor air pollution showed an increased 
frequency of somatic mutations in lymphocytes. 
These studies, which cover several countries, 

collectively confirm the induction of end-points 
that are empirically and mechanistically linked 
to increased risk of cancer in humans.

Many studies have shown significant eleva-
tion in the levels of DNA adducts in lymphocytes 
of humans exposed to elevated levels of outdoor 
air pollution in occupational and urban settings. 
These findings are supported by a more limited 
number of studies detecting blood protein 
adducts.

Studies that examined humans exposed 
to elevated levels of outdoor air pollution have 
also documented epigenetic alterations such 
as changes in DNA methylation patterns and 
telomere shortening.

(b) In experimental systems

(i) Experimental animals
Experimental studies of rodents exposed 

to outdoor air in situ provided evidence that 
outdoor air pollution in urban/industrial areas, 
especially the particulate fraction, induces 
heritable germ-cell mutations and cytogenetic 
damage. Experimental studies of plants exposed 
to outdoor air pollution at a range of locations 
also showed induction of mutations and cytoge-
netic damage.

There is also strong evidence that outdoor 
air PM or samples derived from outdoor air PM 
can induce increases in cytogenetic damage in 
animals. 

(ii) Human and animal cells
There is strong evidence that organic extracts, 

aqueous extracts, or suspensions of outdoor air 
PM collected from a range of locations induce 
mutations and cytogenetic effects (chromosomal 
aberrations, aneuploidy, micronuclei, and sister 
chromatid exchanges), bulky DNA adducts, 
DNA strand breaks, oxidatively generated DNA 
lesions, and formation of reactive oxygen species 
in cultured human lymphocytes, human cell 
lines, cultured animal primary cells, animal cell 
lines in vitro, and naked DNA. Evidence from 
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source apportionment studies indicates that 
contributions from mobile-source emissions and 
residential heating combustion emissions are 
significant; chemical fractionation of PM extracts 
revealed contributions from several chemical 
classes, including non-polar compounds (e.g. 
PAHs), semipolar compounds (e.g. nitro-PAHs 
and quinones), and polar compounds (e.g. 
organic acids and hydroxy-polycyclic aromatic 
compounds).

(c) In bacteria

There is strong evidence that organic solvent 
extracts of outdoor air PM representing a wide 
range of locations, source emissions, seasons, 
and meteorological conditions induce mutations 
in bacteria. Published results generally show less 
than 10-fold variation in the mutagenic potency 
of PM extracts, expressed per milligram of PM 
or per microgram of extractable organic matter, 
across a wide range of locations and site condi-
tions (i.e. source contributions, weather, season, 
and land use). In contrast, atmospheric mutagenic 
activity expressed per cubic metre varies by more 
than 5 orders of magnitude across locations and 
site conditions (i.e. season, source contributions, 
and land use), and increased atmospheric muta-
genic activity is empirically related to increased 
levels of atmospheric PM. A large portion of 
the observed spatial and temporal variations in 
atmospheric mutagenic activity expressed per 
cubic metre can be attributed to variations in 
measured levels of suspended PM.

The atmospheric mutagenic activity at loca-
tions described as urban and/or industrial is 
generally about 2-fold higher compared with 
locations described as rural and/or residential. 
Similarly, the atmospheric mutagenic activity 
measured during colder months is generally 
about 2-fold higher compared with warmer 
months. High atmospheric mutagenic activity 
has been associated with emissions from both 
mobile and stationary combustion sources, and 
has been shown to be positively associated with 

higher levels of NOx, PAHs, nitro-PAHs, lead, 
and SO2. Chemical fractionation studies have 
noted that a significant portion of the mutagenic 
activity of organic extracts of outdoor air PM is 
associated with the moderately polar and polar 
organic fractions, and includes a wide range of 
substances, many of which have not been well 
characterized. Analyses of the non-particulate 
semivolatile organic compounds (SVOCs) frac-
tion of outdoor air indicate that a significant 
fraction of the mutagens associated with the 
solvent-extractable portion of PM from polluted 
outdoor air may occur as organic vapours.

5.4.3 Other data relevant to carcinogenicity

Some studies have documented increased 
levels of DNA fragmentation in sperm in young 
men exposed to polluted outdoor air in an urban 
location. In addition, human observational 
studies have shown that exposure to polluted 
outdoor air in urban/industrial areas or outdoor 
occupational settings altered the expression of 
genes involved in DNA damage repair, cell-cycle 
control, inflammation, and response to oxidative 
stress. 

One experimental exposure of human 
subjects to concentrated PM from outdoor air 
showed significant induction of inflammation, 
a physiological change that has been linked to 
tumour progression.

Several studies have demonstrated that 
organic solvent extracts of PM collected from 
urban environments cause oncogenic transfor-
mation of cultured animal cells. Moreover, cells 
transformed by in vitro exposures to organic 
solvent extracts of urban PM formed malignant 
tumours when injected into immunocompro-
mised mice. There is also evidence that exposure 
of animal cells to PM induces inflammatory reac-
tions, assessed mainly as secretion of cytokines 
and chemokines, and experimental evidence has 
linked the inflammation reaction in cultured 
cells to oxidative stress and metal-catalysed 



Outdoor air pollution

441

production of reactive oxygen species. This asso-
ciation between exposure to PM and secretion of 
cytokines is observed especially in lung epithe-
lial cells and macrophages.

5.4.4 Susceptibility

The available scientific information indicates 
that certain groups of individuals, such as the 
elderly, children, and individuals with conditions 
such as emphysema, bronchitis, and cardiovas-
cular illness, are especially sensitive to the health 
effects of toxicants in outdoor air. It is recognized 
that obstructive pulmonary disorders increase 
lung cancer risk via abnormal immune system 
regulation and chronic inflammation. The risk 
of human cancer is related to age and sex via 
differences in PM deposition patterns and in 
the capacity to metabolize organic compounds 
adsorbed to PM.

Polymorphisms in carcinogen-metabolizing 
genes have been studied as part of human biomon-
itoring studies investigating the frequency of 
cytogenetic damage in individuals exposed to 
polluted outdoor air, and polymorphisms such 
as the GSTM1 null genotype, alone or in combi-
nation with CYP1A1 polymorphisms, are associ-
ated with an increased risk of genetic and related 
effects linked to cancer.

5.4.5 Mechanistic considerations

In conclusion, there is strong mechanistic 
evidence for the ability of outdoor air pollution, 
as well as many of its components, to induce a 
myriad of genetic and related effects in humans 
and a wide range of experimental systems. Well-
documented genotoxic effects include bulky 
DNA adducts, DNA strand breaks, oxidatively 
damaged DNA bases, genetic mutations and 
chromosomal damage in somatic cells, gametic 
mutations, and oncogenic transformation 
in vitro. Molecular epidemiology studies in 
humans have documented significant empirical 

associations between the frequencies of DNA 
damage (i.e. adducts in lymphocytes) and 
cytogenetic damage (e.g. chromosomal translo-
cations and micronuclei) and exposures to PM in 
outdoor air and/or levels of carcinogenic PAHs 
in outdoor PM. In addition, several studies in 
humans provide evidence of an empirical asso-
ciation between the frequency of stable adducts 
in lymphocytes of individuals occupationally 
exposed to outdoor air and levels of outdoor PM 
or levels of PAHs associated with outdoor PM. 
Bulky adducts and cytogenetic damage have 
been shown to be predictive of cancer in humans. 
Documented changes in gene expression in 
response to exposures to PM or organic solvent 
extracts of PM include genes involved in metab-
olism and activation of mutagenic carcinogens, 
responses to DNA damage and oxidative stress, 
alterations of cell-cycle control, and inflamma-
tion. The multiplicity of substantiated effects 
documented in humans as well as in experi-
mental systems in vivo and in vitro supports the 
assertion that outdoor air pollution, as well as 
many of its components, is capable of initiating 
the development of human pulmonary cancers 
via a genotoxic mechanism and, moreover, of 
promoting the progress of tumour development 
via oxidative stress, responses to oxidative stress, 
and sustained inflammation.
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6.1 Cancer in humans

There is sufficient evidence in humans for the 
carcinogenicity of outdoor air pollution. Outdoor 
air pollution causes cancer of the lung. A positive 
association has been observed between exposure 
to outdoor air pollution and cancer of the urinary 
bladder.

There is sufficient evidence in humans for the 
carcinogenicity of particulate matter in outdoor 
air pollution. Particulate matter in outdoor air 
pollution causes cancer of the lung.

6.2 Cancer in experimental animals

There is sufficient evidence in experimental 
animals for the carcinogenicity of organic 
solvent-extracted material from particles 
collected from outdoor air.

There is sufficient evidence in experimental 
animals for the carcinogenicity of particulate 
matter in outdoor air pollution.

There is sufficient evidence in experimental 
animals for the carcinogenicity of outdoor air 
pollution.

For the second evaluation, the Working 
Group considered the data on solvent-extracted 
material from particles collected from outdoor air 
and the evidence on the carcinogenicity of diesel 
engine exhaust particles. The third evaluation 
was based on findings of studies in experimental 
animals exposed to polluted outdoor air (in São 
Paulo, Brazil) in conjunction with updating and 
confirming the following evaluations:

There is sufficient evidence in experimental 
animals for the carcinogenicity of whole diesel 
engine exhaust, sufficient evidence in experi-
mental animals for the carcinogenicity of emis-
sions from combustion of coal, and limited 
evidence in experimental animals for the 
carcinogenicity of emissions from combustion of 
wood; and there is sufficient evidence in experi-
mental animals for the carcinogenicity of diesel 
engine exhaust particles and of extracts of diesel 
engine exhaust particles, sufficient evidence in 
experimental animals for the carcinogenicity of 
condensates of gasoline engine exhaust, sufficient 
evidence in experimental animals for the carcino-
genicity of extracts from coal-derived soot, and 
sufficient evidence in experimental animals for 
the carcinogenicity of wood smoke extracts.

6.3 Overall evaluation

Outdoor air pollution is carcinogenic to 
humans (Group 1).

Particulate matter in outdoor air pollution is 
carcinogenic to humans (Group 1).

The sufficient evidence in humans and exper-
imental animals was also strongly supported by 
the multiplicity of documented genetic and related 
effects in humans and experimental systems. 
This strong mechanistic evidence indicated that 
outdoor air pollution worldwide is mutagenic 
and is carcinogenic to humans via genotoxicity. 
Human exposures to outdoor air pollution or 
particulate matter in polluted outdoor air are 

6. EVALUATION
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associated with increases in genetic damage 
that have been shown to be predictive of cancer 
in humans. Moreover, exposure to outdoor air 
pollution can promote cancer progression via 
oxidative stress, responses to oxidative stress, 
and sustained inflammation. 



LIST OF ABBREVIATIONS

AAQS ambient air quality standards
ACS American Cancer Society
AhR aryl hydrocarbon receptor
AHSMOG Adventist Health Study on Smog
AMs alveolar macrophages
AOD aerosol optical depth
B[a]P benzo[a]pyrene
BALF bronchoalveolar lavage fluid
BC black carbon
BMI body mass index
BPDE benzo[a]pyrene diol epoxide
bw body weight
CA chromosomal aberration
CAPs concentrated ambient particles
CEPI Comprehensive Environmental Pollution Index
CI confidence interval
CNS central nervous system
CO carbon monoxide
CO2 carbon dioxide
COPD chronic obstructive pulmonary disease
CPCB Central Pollution Control Board
CPS-II Cancer Prevention Study II
CRP C-reactive protein
DB[a,h]A dibenz[a,h]anthracene
DCFH 2 ,ʹ7ʹ-dichlorodihydrofluorescein
DCM dichloromethane
DFI DNA fragmentation index
DFO deferoxamine
dG deoxyguanosine
DIPN N-nitrosodiisopropanolamine
DMPO 5,5-dimethyl-1-pyrroline-N-oxide
DMSO dimethyl sulfoxide
DMTU dimethylthiourea
DTT dithiothreitol
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EBC exhaled breath condensate
EC elemental carbon
ECD electrochemical detection
EDTA ethylenediaminetetraacetic acid
EEA European Environment Agency
ELISA enzyme-linked immunosorbent assay
EMEP European Monitoring and Evaluation Programme
ENDOIII endonuclease III
EOC equivalent organic carbon
EOM extractable organic matter
EPIC European Prospective Investigation into Cancer and Nutrition
ESR electron spin resonance
ESTR expanded simple tandem repeat
FeNO fractional exhaled nitrogen oxide
FISH fluorescence in situ hybridization
FPG formamidopyrimidine DNA glycosylase
GEM gaseous elemental mercury
GFFs glass-fibre filters
GIS geographic information system
GSTM1 glutathione S-transferase M1
HAPs hazardous air pollutants
HEPA high-efficiency particulate air
Hg-P particulate mercury
HPLC high-performance liquid chromatography
Hprt hypoxanthine–guanine phosphoribosyl transferase
HR hazard ratio
ICD International Classification of Diseases
IL interleukin
IMF induced mutant fraction
IQR interquartile range
IRR incidence rate ratio
LC liquid chromatography
LC50 median lethal concentration
M1dG malondialdehyde–deoxyguanosine
MDA malondialdehyde
MN micronuclei
MS mass spectrometry
MSA Metropolitan Statistical Area
MSATs mobile source air toxics
NAAQS National Ambient Air Quality Standards
NAMP National Air Quality Monitoring Programme
NAPS National Air Pollution Surveillance
NAT2 N-acetyltransferase 2
NATA National-Scale Air Toxics Assessment
NDEA N-nitrosodiethylamine
NDPA N-nitrosodipentylamine
NESHAPs National Emissions Standards for Hazardous Air Pollutants
NHAPS National Human Activity Pattern Survey
NMHC non-methane hydrocarbons
NO nitrogen oxide
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List of Abbreviations

NO2 nitrogen dioxide
NOx nitrogen oxides
NR nitroreductase
OAT O-acetyltransferase
OC organic carbon
1-OHP 1-hydroxypyrene
OR odds ratio
8-oxodG 8-oxo-7,8-dihydro-2ʹ-deoxyguanosine
PACs polycyclic aromatic compounds
PAHs polycyclic aromatic hydrocarbons
PBMCs peripheral blood mononuclear cells
PBS phosphate-buffered saline
PCBs polychlorinated biphenyls
PCEs polychromatic erythrocytes
PEC pulmonary endocrine cell
PGE2 prostaglandin E2
PM particulate matter
PM10 particulate matter with particles of aerodynamic diameter < 10 μm
PM15 particulate matter with particles of aerodynamic diameter < 15 μm
PM2.5 particulate matter with particles of aerodynamic diameter < 2.5 μm
PMNs polymorphonuclear leukocytes
PNC particle number concentration
POPs persistent organic pollutants
PUF polyurethane foam
RGM reactive gaseous mercury
ROFA residual oil fly ash
ROS reactive oxygen species
RR relative risk
SCEs sister chromatid exchanges
SCSA sperm chromatin structure assay
SEER Surveillance, Epidemiology, and End Results
SIR standardized incidence ratio
SLF surrogate lung fluid
SMR standardized mortality ratio
SO2 sulfur dioxide
SOx sulfur oxides
SPM suspended particulate matter
S-PMA S-phenyl mercapturic acid
SRM standard reference mixture
SVOCs semivolatile organic compounds
t,t-MA trans,trans-muconic acid
TA98NR TA98 strains deficient in nitroreductase
TBARS thiobarbituric acid reactive substances
TEQ toxic equivalence quotient
TIS traffic intensity score
TK thymidine kinase
TLC thin-layer chromatography
TNF tumour necrosis factor
TPA 12-O-tetradecanoylphorbol-13-acetate
TSP total suspended particles
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UFP ultrafine particles
US EPA United States Environmental Protection Agency
VOCs volatile organic compounds
WHO World Health Organization



This volume of the IARC Monographs provides an evaluation of the carcinogenicity of 
outdoor air pollution.

Outdoor air pollution is a complex mixture of pollutants originating from natural 
and anthropogenic sources, including transportation, power generation, industrial 
activity, biomass burning, and domestic heating and cooking. The mix of pollutants 
in outdoor air varies widely in space and time, reflecting the diversity of sources and 
the influence of atmospheric processes. Commonly measured air pollutants include 
particulate matter (PM2.5, PM10), nitrogen dioxide, and sulfur dioxide; the concentration 
of particulate matter is often used as an indicator of pollution levels. Millions of people 
worldwide are exposed to outdoor air pollution at levels that substantially exceed 
existing health-based guidelines.

This evaluation is the culmination of a series that has examined individual pollutants 
that are contained in the mixture of outdoor air. Related previous evaluations have 
been published in IARC Monographs Volumes 92, 93, 95, 100C, 100E, 103, and 105.

An IARC Monographs Working Group reviewed epidemiological studies, animal cancer 
bioassays, and mechanistic data to assess the carcinogenic hazards of exposure to 
outdoor air pollution and particulate air pollution. 
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