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Abstract

Polycyclic aromatic hydrocarbons (PAHSs) are a large group of organic compounds containing two or more fused
aromatic (benzene) rings. The main anthropogenic sources of emission are the incomplete combustion or pyrolysis

of organic material (i.e. emissions from vehicles, domestic heating or cooking) and the burning of agricultural waste.
Human exposure to PAHs may occur from inhalation, dermal exposure or the ingestion of food contaminated with
PAHs. PAHSs in air pollution are primarily found bound to particulate matter; when PAHSs are present in the gas phase,
they have a duration of less than a day. Overall, the present scientific evidence suggests that the PAHs in ambient air are
associated with increased cancer incidence in exposed populations. Positive associations have been reported between
ambient PAHs and breast cancer, childhood cancers and lung cancer. Epidemiological studies have shown that PAHs
are associated with reduced lung function, exacerbation of asthma, and increased rates of obstructive lung diseases
and cardiovascular diseases. Limited epidemiological evidence also suggests adverse effects on cognitive or behavioural
function in children. For several PAHs that are carcinogenic air pollutants, a lowest possible exposure should be aimed
at to minimize the risk of cancer development in view of a no-effect threshold. It was not possible to establish whether
current WHO guidelines for benzo[a]pyrene provide sufficient protection against diseases other than cancer. Therefore,
the relevance of non-cancer health end-points of PAH exposure should be further explored.
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Polycyclic aromatic hydrocarbons (PAHSs) are a
large group of organic compounds containing
two or more fused aromatic (benzene) rings.
The main anthropogenic sources of PAH
emission are incomplete combustion or
pyrolysis of organic material: emissions from
fossil fuels, biofuels (e.g. wood or agricultural
waste), automobile exhaust, emissions from
domestic heating and cooking, and tobacco
smoke. PAHSs, including benzola]pyrene
(B[a]P), represent an important set of indoor
and outdoor air pollutants, both in Europe
and globally. In the European Monitoring
and Evaluation Programme (EMEP)? region,
PAH emissions decreased by more than 30%
between 1990 and 2005. However, no further
improvement in PAH emissions was observed
in the 2000-2012 period, in contrast to many
other air pollutants. Human exposure to PAHs
may occur from inhalation, dermal exposure
or ingestion of food contaminated with PAHSs.
PAHs in air pollution are primarily found bound
to particulate matter (PM); when PAHs are
present in the gas phase, they have a duration
of less than a day.

Overall, the present scientific evidence
suggests that the PAHs in ambient air are
associated with increased cancer incidence in
exposed populations. Given that many PAHs
are considered either carcinogenic or probably
carcinogenic to humans and are assumed to
cause direct DNA damage, it is reasonable to
expect an association between exposure to
PAHs in ambient air and the development of
various types of cancers. Positive associations
between ambient PAHs and breast cancer,
childhood cancers and lung cancer have
been reported. However, assessment of

Executive summary

-xecutive summary

PAH exposure in the general population is
difficult because of the length of time needed
for cancer development and the possibility
that exposure conditions may change over
time. Since 2000, only a few epidemiological
studies have focused on cancer in the
general population. Additional studies will be
needed to support a causal link between PAH
exposures from ambient air and cancer in
human populations. In particular, longitudinal
studies on the potency of different PAHs in a
mixture would be important.

Regarding the non-carcinogenic effects,
epidemiological studies have found associ-
ations between ambient exposure to PAHs
and adverse health effects, including reduced
lung function, exacerbation of asthma, and
increased morbidity and mortality of obstruc-
tive lung diseases. Human epidemiological
studies, combined with experimental animal
and in vitro studies, strongly suggest that
exposure to combustion PM increases the risk
of cardiovascular diseases (CVDs). The limited
epidemiological evidence available suggests
that prenatal and early life exposure to PAHs
in ambient air affect cognitive or behavioural
function in children. However, the specific role
of PAHs is difficult to disentangle from those
of other products of combustion processes,
including combustion PM. Based on epidemi-
ological data alone, it is also difficult to sepa-
rate the effects of airborne PAHs from those of
other PAHSs sources.

From a policy perspective, PAHs are an
important group of air pollutants that should
receive more attention for regulating air
pollution, in particular from combustion

3 The official name is the Co-operative Programme for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in
Europe. The EMEP region covers not only Europe but also countries in central and western Asia and North America.
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Executive summary

sources. Ambient PM is characterized by its
physical properties upon sampling;in contrast,
PAHs are chemically defined. For carcinogenic
PAHSs, the aim should be the lowest possible
exposure to minimize the risk of cancer
development in view of a no-effect threshold.
However, within this group, individual PAHs
may differ in carcinogenic potency by an order
of magnitude. The current knowledge base
is insufficient to determine whether B[a]P
is a representative marker for exposure to a
PAH mixture in ambient air or to permit the
establishment of guidelines or standards for

non-malignant effects of either B[a]P or other
PAH species. Therefore, it is not possible to
establish whether current WHO guidelines
for B[a]P provide sufficient protection against
diseases other than cancer. In addition,
further exploration of non-cancer health
end-points of PAH exposure is needed. Lastly,
monitoring programmes should be optimized
to support the protection of populations from
PAH exposure. This could be achieved in hot-
spot areas either by creating high-resolution
monitoring networks or by high-resolution
modelling of PAH concentrations.
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1.

1.1 Background

Polycyclic aromatic hydrocarbons (PAHSs) are a
large group of organic compounds containing
two or more fused aromatic (benzene) rings (1).
Anthropogenic sources that emit the highest
number of these chemicals are incomplete
combustion or pyrolysis of organic material:
fossil fuels, biofuels (e.g. wood or agricultural
waste), automobile exhaust and tobacco
smoke. In nature, PAHs are formed, for exam-
ple, by forest and other vegetation fires or
volcanic activity. PAHs, including benzolad]
pyrene (B[a]P), are an important set of indoor
and outdoor air pollutants, both in Europe and
globally.

1. Introduction

Ntroduction

People may be exposed to PAHs via inhala-
tion, dermal exposure or ingestion of food
contaminated with PAHs. PAHs containing
five or more aromatic rings are mainly found
bound to particulate matter (PM), whereas
PAHs containing up to four aromatic rings
are predominantly found in the gas phase
(2,3). Nevertheless, owing to the considerably
higher levels of low-molecular-weight PAHs
in ambient air, three- and four-ring PAHSs also
tend to be the predominant group bound to
PM. PAHs present in ambient air in the gas
phase generally have durations of less than
a day, whereas particle-associated PAHs may
persist for weeks and undergo long-range
atmospheric transport (4).%

1.2 Context of WHO and the 1979 Convention on Long-
range Transboundary Air Pollution

To improve air quality, Member States of the
United Nations Economic Commission for
Europe (UNECE), in particular the 51 Parties
to the 1979 Convention on Long-range Trans-
boundary Air Pollution (hereafter, referred to
as the Air Convention) (5), have been working
successfully to reduce air pollution in the
wider UNECE region. The Air Convention was
the first international treaty to deal with air
pollution on a regional basis. Entering into

force in 1983, the Air Convention laid down
the principles of international cooperation
for air pollution abatement and set up an
institutional framework combining research
and policy with the aim to cut emissions of air
pollution. It has since been extended by eight
protocols, including the 1998 Aarhus Protocol
on Persistent Organic Pollutants, which was
ratified by 33 Parties (6). The Protocol states
that each Party shall reduce its total annual

4 The names of PAHs can vary by authority and source, and can change over time. The International Union of Pure and Applied
Chemistry is the main authority on the matter. The names used in the present document reflect this source, but also take account of

nomenclature that is familiar to the target readership.

Human health effects of polycyclic aromatic hydrocarbons as ambient air pollutants 1



1. Introduction

emissions of substances listed in Annex Il
(including PAHSs) from the level of the emission
in 1990 (or an alternative year from 1985 to 1995
inclusive) by taking effective measures as out-
lined in Annex V and the guidance document,
which identify the best available techniques to
control emissions from stationary and mobile
sources. For the purposes of emission inven-
tories, the following four indicator compounds
should be used: B[a]P, benzo[b]fluoranthene,
benzo[k]fluoranthene and indenol1,2,3-cd]
pyrene.

Additionally, Article 8 on research,
development and monitoring specifies that:

The Parties shall encourage research,
development, monitoring and cooperation
related, but not limited, to:

(@) Emissions, long-range transport and
deposition levels and their modelling,
existing levels in the biotic and abiotic
environment,theelaborationof procedures
for harmonizing relevant methodologies;

(b) Pollutant pathways and inventories in
representative ecosystems;

(c) Relevant effects on human health and the
environment, including quantification of
those effects.

To date, there is no international consensus
on which PAH emissions or resulting exposure
should be reported. However, WHO and
UNECE have suggested suitable PAHs for
reporting based on their abundance and
toxicity to health and the environment (7).

WHO issued the Air quality guidelines for
Europe in 1987 (8), which was updated in 2000
(9,10). The update estimated the unit risk for
lung cancer from PAHs as 8.7 x 1075 per ng/m?3
B[a]P, and this value was also adopted by the
2010 WHO guidelines for indoor air quality
(11). For lifetime exposure, the concentrations
producing excess lifetime cancer risks of one
in 10 000, one in 100 000 and one in 1 million
were approximately 1.2, 0.12 and 0.012 ng/m?
B[a]P, respectively (71). B[a]P was selected
as an indicator for assessing the health risk
of PAHs mainly because at the time it was
the only PAH for which sufficient data were
available to make a health risk assessment.
Debate is continuing as to whether B[a]P
is representative as a marker for exposure
to other PAHSs: “Evaluation of, for example,
Bla]P alone will probably underestimate
the carcinogenic potential of airborne PAH
mixtures, since co-occurring substances are
also carcinogenic” (12). No threshold value
could be determined and all indoor exposures
were considered relevant to health (71). The
WHO Air quality guidelines: global update
2005. Particulate matter, ozone, nitrogen
dioxide and sulfur dioxide did not provide
a guideline value for PAHs (13), although
it referred to the carcinogenicity of PAHSs.
The WHO project, Review of evidence on
health aspects of air pollution - REVIHAAP
(14), reviewed new evidence following the
publication of Air quality guidelines: global
update 2005 (13). In addition to confirming
that some PAHs are potent carcinogens, it
found a new link between PAH exposure to
cardiovascular outcomes. However, these
effects could not be separated from the
effects of PM and, therefore, could not serve
as the basis for developing a guideline value.
Nevertheless, WHO has developed AirQ+
software, which includes a module that allows
the calculation of risks due to exposure to
carcinogenic air pollutants, including B[a]P,
based on the unit risk factor (15,76).

2 Human health effects of polycyclic aromatic hydrocarbons as ambient air pollutants



1.3 Scope and objectives

Work on this report was initiated at the 20th
meeting of the Joint Task Force on the Health
Aspects of Air Pollution, Bonn, Germany,
16-17 May 2017 (17) in response to a suggestion
from the Swiss representative, and was
included in the 2018-2019 workplan of the
Air Convention (18,19). The initiative aimed to
evaluate the current state of knowledge on
the health risk of PAHs, identify critical gaps,
and assess whether and to what extent such
an evaluation could be continued by the Task
Force on Health.

The initial deliverables of the workplan were:

« a proposal for a roadmap for how health
risks of PAHs can be assessed in view of
their relative carcinogenic potencies;

« an evaluation of the representativeness of
B[a]P as an indicator for the PAH group;
and

- an evaluation of how equivalence factors
could be used in risk assessment of PAHs.

The work continued as part of the 2020-2021
workplan (20), with further refinement of
objectives to:

+ review epidemiological findings on the
relation between PAH exposure in ambient

1. Introduction

airanddifferenthealthoutcomes,including
cancer and non-cancer end-points;

+ review experimental studies that indicate
selected important aspects of PAH toxicity;

- highlight the mechanistic background for
the toxicity of PAHs and its relevance for
risk assessment; and

« give policy-makers ashort update of recent
findings of the health effects of PAHs as
air pollutants and of B[a]P as a relevant
marker for toxicity.

This report provides a resource for those
interested in the current state of the scientific
discussion, knowledge gaps and ideas for
future directions of work. It is not intended
to provide a systematic and comprehensive
review of airborne PAHs and health, but
instead focuses on specific aspects relevant
to health risk assessment. It includes selected
studies on human health effects, emissions
and sources of as well as exposure to PAHS, as
well as current national work on PAHs in the
countries of the Working Group on Polycyclic
Aromatic Hydrocarbons of the Joint Task Force
on the Health Aspects of Air Pollution. The
methodology used to conduct the literature
search is shown in Annex 1.

Human health effects of polycyclic aromatic hydrocarbons as ambient air pollutants 3



2. Emissions and ambient exposure to PAHs

2.

-missions and ambient

exposure to PAHSs

2.1 Emission trends and ambient concentrations

In the European Monitoring and Evaluation
Programme (EMEP)°> region, PAH emissions
decreased by morethan30% between1990and
2005, with Germany and the United Kingdom
achieving the largest reductions. However, in
contrasttomanyotherair pollutants, nofurther
improvement was observed in 2000-2012.
Air pollution levels of PAHs and their trends,
and population exposure within the UNECE
region are discussed in reports published by
Meteorological Synthesizing Centre — East (7)
and EMEP (22). The reports aimed to analyse
the effectiveness of the Aarhus Protocol on
Persistent Organic Pollutants and to support
relevant bodies under the UNECE umbrella.
The spatial distribution of emissions of PAHs
in the EMEP region was also reported (Fig. 2.1).

In the European Union (EU), PAH emissions
from the commercial, institutional and
household sectors are much greater than
those from the industrial sector, which have
decreased since 2000 (23). However, the
highest B[a]P concentrations were reported
from countries in eastern Europe, where
coal is a common fuel for domestic heating
and energy production. Wood burning is
another important source of B[a]P emissions,
although the emissions are less well detected
by monitoring networks in sparsely populated
regions of northern Europe (Fig. 2.2). In the

EU between 2007 and 2017, 65% of national
monitoring sites reported decreasing B[a]P
concentrations, although asignificant number
of sites showed increasing concentrations in
Austria, Cyprus, Czechia, Ireland, Italy, Poland,
Slovakia, Spain and the United Kingdom (7). In
some countries, mostly in southern Europe,
agricultural waste burning is also a relevant
source of B[a]P emissions (23).

In Canada, datafromthe Air Pollutant Emission
Inventory show that the national total emis-
sions of selected PAHs decreased between
1990 and 2019 by 72%, primarily due to emission
reductions in the aluminium, iron and steel
industries resulting from the implementation
of new production technologies (24). Over the
reporting period, PAH emissions decreased by
almost 100% in both the aluminium and the
iron and steel industries; and by 65% in the
transportation and mobile equipment sector.
In 2019 the Air Pollutant Emission Inventory
attributed 87% of PAHs emitted in Canada to
commercial/residential/institutional sources
(25). PAHs are sampled through several air
monitoring stations located in different urban
Canadian cities and monitoring data can be
accessed through the National Air Pollution
Surveillance Program (26). Tevlin et al. (2021)
reported the annual average B[a]P concentra-
tions from 1989 to 2017 and compared them

5 Officially called the Co-operative Programme for Monitoring and Evaluation of the Long-range Transmission of Air

Pollutants in Europe (27).

4 Human health effects of polycyclic aromatic hydrocarbons as ambient air pollutants



2. Emissions and ambient exposure to PAHs

Fig. 2.1. Spatial distribution of PAH and B[a]P emissions in the EMEP region, 2017
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Notes: distributions of (a) emissions of the four indicator PAHs for which reporting is mandatory under UNECE (that is, B[a]P, benzo[b]
fluoranthene, benzo[k]fluoranthene and indenol],2,3-cd]pyrene) and of (b) B[a]P emissions. The designations employed and the
presentation of the material in this publication do not imply the expression of any opinion whatsoever on the part of WHO concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries.
Dotted and dashed lines on maps represent approximate border lines for which there may not yet be full agreement. Data source:
Meteorological Synthesizing Centre - East (MSC-E); Map production: WHO GIS Centre for Health, DNA/DDI; Map creation date: 25 October
2021.

Source: Gusev A, Batrakova N. Assessment of PAH pollution levels, key sources and trends: contribution to analysis of the effectiveness of
the POPs Protocol. Moscow: Meteorological Synthesizing Centre; 2020 (7). Reproduced with permission.
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2. Emissions and ambient exposure to PAHs

Fig. 2.2. Distribution of B[a]P concentrations in ambient air in European countries, 2018
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(European Environment Agency Report No. 9/2020) (23). Reproduced with permission.

with guidelines from a few Canadian prov-
inces (27). The annual average thresholds for
B[a]P were 0.01 ng/m3 in Ontario, 0.3 ng/m? in
Alberta and 0.9 ng/m? in Quebec. The guide-
line set by Ontario was exceeded at almost
every location with more than five years of
data. The Alberta and Quebec guidelines were
also exceeded at specific locations such as
downtown Montreal (Quebec) and downtown
Hamilton (Ontario). However, it is important
to note that such exceedances are less wide-
spread in other urban Canadian cities (27). For
example, in 2018 the annual average levels
of B[a]P in Canadian cities ranged between
0.01 ng/m?* and 0.08 ng/m?3. The highest urban
annual average level of B[a]P (0.08 ng/m?3) was
observed in Toronto (the most populous city in

Canada), nearto highway 401, which comprises
18 lanes at its widest segment (26). This indi-
cates that trafficisan important source of PAH
emissions. In contrast, Riviere-des-Prairies, a
suburban borough located on the eastern tip
of Montreal, has historically been associated
with residential wood combustion emissions
in winter, with higher PAH levels recorded
there (28). However, since 2018, the annual
average level of B[a]P has been relatively low,
at 0.06 ng/m? (26). Furthermore, Montreal City
Council established a regulation in 2018 that
bans solid-fuel-burning appliances unless the
emission rate is certified by the United States
Environmental Protection Agency (US EPA)
and does not exceed 2.5 g/h (29).
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2.2 Sources of outdoor air PAH emissions

Incomplete combustion of various solid or
liquid organic fuels or materials produces
PAHSs. These fuels include various types of coal,
crude oil, heavy fuel oil and other fossil fuels,
biofuels such as firewood and agricultural
and community waste, and tobacco smoke.
The relative contribution to the different
combustion sources of outdoor air PAHs has
changed during the last 30-40 years. The
European Environment Agency reported
in 2020 that commercial, institutional and
household sources account for 66% of total
emissions, followed by agriculture (mostly in
southern Europe), which accounts for 14% (30).
In Canada, wildfires are a major contributor to
polycyclicaromatic compounds,among which
PAHs are of environmental concern (27,28).
Regarding non-natural sources, household
wood combustion and mobile sources are the
two largest contributors, although these have
declined by 25-65% since the 1990s. A small
contribution from industrial sources, mainly

aluminium production and iron/steel manu-
facturing, was reported owing to considerable
reductions (90%) over the same period (28).
The most significant non-natural sources
of PAH emissions in 2018 were commercial/
residential/institutional sources, almost en-
tirely due to household wood combustion,
accounting for 90% of total emissions (31). The
relative contributions of PAHs from different
sectors in the EU and Canada are summarized
in Table 2.1.

Total emissions of the four PAHs listed in the
Aarhus Protocol (B[a]P, benzo[b]fluoranthene,
benzo[k]fluoranthene and indenol[1,2,3-cd]
pyrene;section1.2)inthe EMEP region have not
changed much ssince the early 2000s. However,
decreases in emissions from the industrial
and agricultural sectors of approximately
17% and 36%, respectively, during this period
are balanced by a small relative increase in
emissions from the domestic sector (Fig. 2.3).

Table 2.1. Relative contribution (%) of PAH emissions from various sources/sectors, EU and

Canada, 2018

Geographical

Sector
area
Commercial, Industrial Energy
|nst|tut(;ona| p;oces:es produ(c:’tlon .Engrgy use Agriculture Road transport Waste
EU (30) an and product . and in industry
households use distribution
66% 2% 6% 3% 14% 2% 7%
Commercial, Transportation Incineration
residential, Industry, electric power generation, agriculture and mobile waste fires'
e . b
Canada (31) institutional equipment
90% 1% 8% 1%

Sources: Data for the EU: European Environment Agency, 2020 (30); data for Canada: Environment and Climate Change Canada, 2018 (37).
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2. Emissions and ambient exposure to PAHs

Fig. 2.3. Long-term changes in sector-specific B[a]P emissions in EMEP countries, 2000-2018
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2.3 Small-scale combustion for residential heating

In contrast to other sectors, strong progress been slow. However, automatically controlled
has not been made in reducing PAH emis- low-emitting burners have been favoured in
sions from residential heating. Small-scale Austria and Germany (33,34). Furthermore,
burning of wood, biomass waste or coal is still emission standards for boilers and stoves have
favoured in some countries owing to their recently been adopted in the EU as a part of

availability and affordability but also to a lack the Ecodesign Directive (35,36).
of the infrastructure necessary to access gas

or district heating. Wood is the commonest Case studies 1 and 2 illustrate the different
fuel, although coal predominates in some characteristics of small-scale combustion for
countries (1). residential heating in Sweden and Switzerland,

respectively.
In many countries, the development of
emission standards for residential heating has
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Case study 1. Mapping B[a]P hotspots in Swedish towns

Andersson et al. (2019) estimated emissions from residential wood heating and calculated
B[a]P levels in ambient air in the Swedish municipalities of Alingsas, Skellefted and
Stromsund (37). These municipalities were chosen because they were suspected to have
relatively high B[a]P concentrations in ambient air as a result of heating by small-scale
wood burning and because they had emissions databases of sufficient quality for spatial
modelling of B[a]P concentrations. Fig. 2.4 shows the types of wood-burning installation
and modelled B[a]P concentrations in Burea (in Skellefted).

Fig. 2.4. Residential heating and emissions in Bured, Skellefted municipality, Sweden
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Notes: (a) Distribution of installations for residential heating. The monitoring station is marked by a yellow star. (b) Modelled
B[a]P concentrations (pg/m?) from small-scale wood burning for heating in Bured, northern Sweden. Green and light blue:

> 0.1 ng/m?; yellow: > 0.4 ng/m?3. Modelling is based on a scenario with site-specific burning habits and medium emission factors.
Spatial resolution is 20 x 20 m.

Source: Andersson S, Arvelius J, Jones J, Kindell S, Leung W. Berdkningar av emissioner och halter av benso(a)pyren och

partiklar fran smaskalig vedeldning: luftkvalitetsmodellering for Skelleftea, Stromsunds och Alingsas kommuner [Calculations of
emissions and levels of benzo (a) pyrene and particles from small-scale wood burning: air quality modeling for the municipalities
of Skellefted, Stromsund and Alingsas]. Meteorologi 164. Norrképing: Swedish Meteorological and Hydrological Institute; 2019 (37)
(in Swedish). Reproduced with permission.

The study showed that residential wood burning is the predominant source of B[a]P in
all three municipalities. However, large variations in ambient B[a]P concentrations were
observed, depending on the type and age of the installation and how it was used. The
highest B[a]P concentrations were measured in the vicinity of old wood boilers that did
not meet environmental quality standards (such as the EU Ecolabel) (38). Furthermore, the
guality of modelling data was highly dependent on having detailed knowledge of the type
of installation and the burning habits of users.

Therefore, a very effective measure to reduce the levels of B[a]P would be to replace old
wood boilers with modern boilers that meet stricter environmental quality standards.
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Case study 2. Measuring B[a]P to monitor PAH emissions in
Switzerland

Switzerland does not set emission limits for carcinogenic substances because the Swiss
Ordinance on Air Pollution Control stipulates that carcinogenic emissions must be
minimized regardless of the emissions that occur (39). In order to obtain an overview of the
emission concentrations of PAHs in PM, | (particulate matter with a diameter of <10 pm)
occurring in Switzerland, analyses have been conducted at selected National Air Pollution
Monitoring Network (NABEL) stations since 2006. Data from monitoring stations have
been aggregated for roadside or motorway traffic (Bern, Harkingen and Lausanne), urban
locations (Basel, DUbendorf, Lugano and Zurich), rural locations (Payerne, Sion and Tanikon),
and rural and wood-burning locations (Magadino and San Vittore; Fischer A, Huglin C.
Polyzyklische aromatische Kohlenwasserstoffe im PM,  an ausgewahlten Stationen des
NABEL sowie der Kantone: messbericht 2020 [Polycyclic aromatic hydrocarbons in PM10 at
selected stations of NABEL and the cantons: measurement report 2020], Department of Air
Pollutants and Environmental Technology, EMPA — Swiss Federal Laboratories for Materials
Science and Technology, unpublished).

The study found that in 2019, as in previous years, the highest PAH concentrations were
measured in San Vittore, which had an annual mean value of 0.77 ng/m? for B[a]P, meaning
that the European target value for B[a]P of 1 ng/m? had been met at all measurement sites.
At all other stations, the 2019 PAH exposure levels were significantly below the European
target value (Fig. 2.5a). PAH levels at the rural sites were clearly influenced by emissions
from wood combustion; therefore, the measured values were higher than at non-rural
stations. The B[a]P load has decreased at all 12 of the investigated NABEL sites since
measurements started in 2006 and is now significantly below the European target value
at all stations (Fig. 2.5b). The long-term trend of quarterly values of B[a]P concentrations
shows pronounced seasonality at all measuring stations, with high values in winter and
significantly lower values in summer owing to biomass burning for heating purposes.

This clearly indicates the significant contribution of wood burning to PAH pollution in
the winter months. Similarly, a study by Zotter et al. (2014) showed the major influence of
biomass combustion based on measurement of the carbon-14 content of PM (40). As early
as 1995, a study of the cantons of Lucerne, Schaffhausen and Zurich found that emissions
from wood-fired systems do indeed contain significant amounts of PAHs (41). At that time,
the highest B[a]P values were measured not at measuring stations exposed to traffic but
during a winter measuring campaign at a rural station. A report in 2013 and 2014 in the
province of Tyrol (Austria) also found that B[a]P levels were higher in residential areas than
at sites exposed to heavy traffic (42).

Data from monitoring stations do not differ significantly in the relative composition of the
various PAHs. An evaluation of the relative toxicity of PAH concentrations measured in 2019
found that B[a]P alone was responsible for around 58% of the toxicity of PAHs in PM,  (43).
The relative contributions of the individual PAHs to the toxicity of PM,  were similar at all
stations. A comparison of PAH-related toxicity of PM,  at the individual monitoring stations
in 2019 found significantly greater toxicity values at rural monitoring stations in areas with
high levels of wood combustion than at other stations.
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Case study 2 contd

Fig. 2.5. Average concentrations of selected PAHs at 12 NABEL stations, by emission
source
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Source: Fischer A, Huglin C. Polyzyklische aromatische Kohlenwasserstoffe im PM,  an ausgewahliten Stationen des NABEL
sowie der Kantone: messbericht 2020 [Polycyclic aromatic hydrocarbons in PM,, at selected stations of NABEL and the cantons:
measurement report 2020], Department of Air Pollutants and Environmental Technology, EMPA — Swiss Federal Laboratories for
Materials Science and Technology, unpublished. Reproduced with permission.
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2.4 Human exposure to PAHs

PAHs containing five or more aromatic rings
are poorly water soluble and lipophilic; thus,
they are mainly found adsorbed on black
carbon in fine PM (PM,_ or PM F), whereas
PAHs containing four or less aromatic rings
are predominately found in the gas phase
(2,37). Nevertheless, owing to the considerably
higher level of low-molecular-weight PAHs
in outdoor air, three- and four-ring PAHs also
tend to be the predominant PAHs adsorbed on
fine and ultrafine PM. Levels of phenanthrene
and pyrene bound to diesel exhaust and
wood smoke particles typically exceed the
B[a]P level by orders of magnitude (2,3). This
partly explains why phenanthrene and pyrene
are so prominent in urban and suburban
environments with a variable mixture of
emission sources.

The relative amount of PAHs adsorbed to
PM is also affected by temperature: a larger
proportion of airborne PAHs (and relatively
higher amounts of three- and four-ring PAHs
compared with larger PAHSs) are attached to
PM in winter than in summer (45).

Human exposure to PAHs may occur from
inhalation, dermal exposure or ingestion of

PAH-contaminated food. Food ingestion is
a major source of PAH intake, especially for
larger PAHs with four to six aromatic rings:
daily intakes of PAHs are much smaller via
inhalation to the respiratory tract than via food
ingestion. Food crops can absorb PAHs from
the soil or via atmospheric deposition through
their root system (3). Additional sources of
PAHSs in food are related to different cooking
processes; for example, charbroiling, grilling,
roasting, frying and baking may contribute to
PAH formation. In addition, where PAH levels
are elevated via contamination from coal
tar coatings of water pipes, PAH intake from
drinking water may equal or even exceed that
from food.

PAH levels in blood and urine result from a
mixture of compounds originating from a
variety of sources and that have entered the
body via multiple routes. However, urinary
levels of metabolites of some of the more
volatile PAHs (e.g. naphthalene, phenanthrene
and pyrene) are often used as surrogates to
assess PAH exposure via inhaled air (46).

Annex 2 presents basic information on 16 high-
priority PAHSs.

6 Defined in European Commission Directive 2008/50/EC on ambient air quality and cleaner air for Europe (44).
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3. Carcinogenic effects
and risk assessment of

PAHS

3.1 Genotoxic and carcinogenic PAHs

Based on their environmental presence and
toxicity, a number of priority PAHs have been
identified by the US EPA (47)and the European
Commission and its Scientific Committee on
Food (48), of which 24 PAHs have been pri-
oritized for risk assessment. The US EPA has
identified 16 priority PAHSs, referred to as the
PAH16 (acenaphthene, acenaphthylene, an-
thracene, B[a]P, benzo[a]lanthracene, benzol[b]
fluoranthene, benzo[ghi]perylene, benzolk]
fluoranthene, chrysene, dibenzo[ahlanthra-
cene, fluoranthene, fluorene, indenoll,2,3-cd]
pyrene, naphthalene, phenanthrene and
pyrene). As the PAH16 are perhaps the most
relevant for measurements of airborne PAHSs,
the presence and environmental levels of
these PAHs are well studied. In contrast, the
presence and levels of other PAHs (such as
dibenzopyrenes) that are more carcinogenic
than B[a]P are less studied, which might im-
pact the risk estimation for PAHs in ambient
air (see section 3.3) (49).

Despite the structural similarities of PAHSs, the
strength of evidence for their carcinogenicity
varies greatly: PAHs are classified as possible
(Group 2B), probable (Group 2A) or human
(Group 1) carcinogens by the International
Agency for Research on Cancer (IARC) (4).
In general, the strength of evidence for
carcinogenicity is greater for larger PAHs (with

more than four rings) than for smaller PAHs.
B[a]P is currently the only PAH classified as
Group 1 (carcinogenic to humans). To date, the
most potent genotoxic and carcinogenic PAH
is dibenzo[allpyrene (Group 2A), but it has not
yet been reported as a human carcinogen
owing to a lack of studies. In vivo studies
suggest its potency is up to 100-fold greater
compared with B[a]P (50). Dibenzolallpyrene
(and the other dibenzopyrenes) is present
in ambient air, as well as in vehicle exhaust,
airborne PM, coal tar, fly ash and cigarette
smoke (49).

PAHs may also exist in substituted forms. For
example, nitro- and oxy-PAHs have received
increasing attention owing to their biological
activity. These compounds are emitted
from the same sources as PAHSs, although
they may also be formed through chemical,
photochemical or biological oxidation of
PAHs in the environment. Compared with
the PAHI6, substituted PAHs are frequently
neglected, although their occurrence has
often been documented and they have similar
toxicities (57,52). For example, nitroketone
3-nitrobenzanthrone, one of the most potent
mutagens and deemed a possible human
carcinogen (Group 2B) by IARC, was recently
identified in diesel exhaust, where it was
bound to airborne PM (53).
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PAH binding to DNA, leading to the forma-
tion of stable DNA adducts, is the major
mechanism of PAH-induced mutagenesis
and carcinogenesis. Like many carcinogens,
PAHs require activation through a series of
enzymatically catalysed reactions to form
their active metabolites (54). The cytochrome
P450 (CYP) family of enzymes (in particular,
CYPIAl, CYPIA2 and CYPIBI1) are primarily
involved in the bioactivation of PAHs to their

reactive intermediates (55). Many PAHs are
ligands for the aryl hydrocarbon receptor
(AhR), which has different metabolic roles,
including in the regulation of different bio-
activating and detoxifying enzymes (56). An
additional metabolic pathway is the aldo-keto
reductase mechanism that activates PAHs to
redox-active ortho-quinone derivatives, which
might also have mutagenic and tumorigenic
properties (57).

3.2 Role of sources in the genotoxicity and mutagenicity

of airborne PAHSs

In the general population, inhaled PAHs mainly
originate from airborne PM, grilling of food
or cigarette smoke (5859). In air, PAHs exist
in the atmospheric gas or particulate phase;
therefore, PAH sampling should preferably be
performed in both phases. Approximately 70—
90% of ambient PAHs are bound to PM, most
notably PM, . (60). Despite their low emissions,
these PAHSs (consisting of more than four rings)
may induce harmful effects on human health
(61). According to IARC, average concentrations
of individual PAHs in the ambient air of urban
areas range from 1 ng/m?3to 30 ng/m? (4).

The major sources of global total atmospheric
emissions of PAH16 have been identified as
residential and commercial biomass burning
(60.5%), open-field biomass burning (agricul-
tural waste burning, deforestation, wildfires;
13.6%) and petroleum combustion by motor
vehicles (12.8%) (62). As discussed by IARC in
evaluations of the carcinogenicity of outdoor
air pollution and of diesel engine and gasoline
engine exhaust, the contribution of the sourc-
es is likely to vary from location to location and
with season; the same also applies to PAHs
(63,64).Since airborne PAHs are a complex mix-
ture with contributions from different sources,
the relative contribution of each source to the
carcinogenicity of airborne PAHSs is difficult
to assess through epidemiological studies.
Observations from experimental animal and

in vitro experiments comparing the effects of
PM samples or organic solvent extracts of PM
samples from various emission sources in the
same system are summarized below.

Results from studies based on mutagenicity
assays using different Salmonella strains
suggest that exhausts from biodiesel fuels
may be more mutagenic than exhaust
from fossil-based diesel, but the mutagenic
potency does not correlate with PAH content
(65,66). Repeated inhalation exposure of rats
to exhausts of fossil fuel diesel or rapeseed-
supplemented biofuel induced similar levels of
genotoxic stress, but fossil fuel diesel induced
higher levels of bulky adducts in lung tissue
(67). Similarly, comparison of the genotoxic
potential in human lung cells showed that
diesel and biodiesel samples (organic extracts
and native diesel exhaust particles) induced
similar levels of DNA damage (6869). The
disparity between the results from the
Salmonella strains and the mammalian in vivo
and in vitro experiments could be caused by
differences in the testing systems or samples
used. Comparison of wood smoke particles
with PM from ambient air, diesel and gasoline
emissions showed that, in general, the former
have a higher PAH content and lower soluble
metal content (70,71). In vitro evaluation of
genotoxicity in human lung cells showed that
wood smoke particle extracts generate higher
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levels of reactive oxygen species, DNA strand
breaks and reactive oxygen species-induced
8-oxoguanine compared with extracts from
ambient air. Neither study found a correlation
between PAH content and toxicological end-
points, suggesting that genotoxicity was driven
by extractable organic compounds other than
PAHs (70,71). In agreement, several studies
found that the main mutagenic components
of PM extracts obtained from ambient air and
diesel and gasoline engine exhaust were in the
polar or moderately polar fractions (72-75).

3. Carcinogenic effects and risk assessment of PAHs

In conclusion, the role of emission sources in
the carcinogenicity of airborne PAHs is still
not well established. However, for all sources
(i) there seems to be no direct correlation
between PAH content and genotoxic or mu-
tagenic potency and (ii) the major mutagenic
components are present in the more polar
fraction of airborne PAHs (containing oxy- and
nitro-PAHS). These results are based on animal
and in vitro studies; therefore, these findings
need to be confirmed in epidemiological and
mechanistic studies.

3.3 Effects of PAHs on the development of various types
of cancer: review of epidemiological studies

3.3.1 Background

Since the early 2000s, epidemiological studies
have examined the association between
cancer and exposure to PAHs in ambient air.
Most of these studies have investigated breast
cancer and various childhood cancers (76-82).
In contrast, studies relating lung cancer to
ambient PAHSs in the general population are
virtually non-existent.

A total of 14 epidemiological studies (six on
childhood cancers, five on breast cancer,
and one each on cervical, lung and bladder
cancer) met the criteria for inclusion: that is,
they linked cancer to exposure to ambient
PAHSs in the general population. Studies that
used a proxy indicator of exposure to PAHs
(e.g. vehicular traffic) or linked cancer to
biomarkers of exposure to PAHs (e.g. PAH-
DNA adducts) were excluded. Occupational
studies linking cancer to ambient PAHs were
also excluded. However, an exception was
made for occupational meta-analysis studies
examining the risk of lung cancer associated

with ambient PAHs in different industrial
workers, given that important literature on
this topic has been published recently.

3.3.2 Lung cancer

Most epidemiological studies examining
the associations between lung cancer and
ambient PAHs were occupational. In fact,
only one study from 1983 investigated
the association between lung cancer and
exposure to ambient B[a]P in the general
population (83). This ecological study reported
no association between B[a]P and lung cancer
incidence in the total population of Erie
County, New York (United States of America;
Table 3.1). However, the results from this study
should be interpreted with caution because
of the absence of a comparator population
and the risk of ecological fallacy.” In addition,
the design of an ecological study is mostly
intended to generate a hypothesis, not a
causal association.

7  Ecological fallacy is when ecological inferences about the nature of specific individuals are generated from aggregates to which

individuals belong rather from individuals per se.
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Table 3.1. Association between exposure to B[a]P in ambient air and lung cancer incidence

Reference,

location Study design

Study population

Diagnosis: 2 201 lung
cancer patients (all lung
cancer cases from Erie
County reported to the
New York State tumour
registry, 1973-1976)

Vena, 1983 (83):
Erie County
(NY), USA

Descriptive,
ecological

concentration (ng/m?3)

Monitoring stations (1973-
1974)

Mean: 2.13 ng/m?
IQR: not reported

Adjusted risk estimates?
(95% CI) for lung cancer

Exposure, mean/IQR Jusd
incidence

Single pollutant model

Bla]P

Total population: 3: -0.286
(0.407)

Men: 3: -0.506 (0.435)

Cl: confidence interval; IQR: interquartile range.
2 B coefficient.
Note: bold indicates a positive association.

Occupational studies relating PAH exposure
to lung cancer are well documented in IARC
monograph No. 92 (4). In most cases, workers
were exposed to very high concentrations
of PAHs (up to 100 ug/m3), primarily by
inhalation. One meta-analysis included in the
IARC monograph report (84) and three other
meta-analyses (85-87) captured findings from
studies relating lung cancer to occupational
exposure to PAHs. These studies showed a
positive association between lung cancer in
workers and exposure to PAHs. However, the
associations were weak (i.e. low relative risks),
making it difficult to attribute lung cancer to
PAH exposure. Moreover, workers exposed to
PAHs are also exposed to a large number of
other carcinogenic or potentially carcinogenic
compounds, such as asbestos, diesel exhaust,
chromium and nickel. Furthermore, most
of the individual studies did not control for
smoking.

In summary, only one study has examined
lung cancer following exposure to PAHs in
ambient air. The meta-analyses of occupation-
al exposure demonstrated positive but weak
associations among workers exposed to high
levels of PAHs in comparison to the general
population, who are exposed to lower levels of
PAHSs.

3.3.3 Breast cancer

Breast cancer might be associated with expo-
sure to ambient PAHs from various sources

(76,77,88,89). Five studies in the United States
examined the association between breast
cancer incidence and the sum of all measured
PAHs (hereafter referred to as total PAHSs) or
individual PAHs in ambient air (Table 3.2). Of
these, two case-control studies examined the
association between exposure to B[a]P from
traffic sources and breast cancer in premen-
opausal and postmenopausal women. In the
study by Nie et al. (2007), the associations were
often positive but not significant (76), whereas
no associations were found by Mordukhovich
et al. (2016) (77). Three ecological studies ex-
amined geographical variations in PAH emis-
sions between urban/industrialized and less
industrialized/less urbanized regions (90-92).
All three studies found significant positive
associations between total or individual PAHs
and breast cancer incidence in highly pollut-
ed areas (urban/industrialized). For example,
Large and Wei reported that carcinogenic
PAHSs, including B[a]P, benzo[b]fluoranthene
and dibenzo[ah]anthracene, increased the risk
of breast cancer incidence in highly urbanized,
industrialized and polluted north-eastern
regions of the United States compared with
less industrialized, less urbanized and, thus,
less polluted south-eastern regions (97). An
important limitation of these studies is that
they did not consider early life exposure, in-
cluding in utero and in childhood, which are
sensitive developmental periods. Although
the limited literature supports an association
between ambient air exposure to PAHs and
increased breast cancer incidence, three of the
five studies should be interpreted with caution
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because of their ecological study design. In
fact, through using aggregated data, in which
the study sample is an entire population in a

region, the findings are prone to ecological
fallacy. Consequently, the results may not nec-

essarily remain valid at individual level.

3. Carcinogenic effects and risk assessment of PAHs

Overall, the limited epidemiological studies
showed positive associations between expo-
sure to PAHs and breast cancer.

Table 3.2. Association between exposure to PAHs or B[a]P in ambient air and breast cancer

incidence

Reference
and location

Nie et al., 2007
(76)

Erie and
Niagara
Counties in
western New
York, the
United States

Study
design

Population-
based case-
control study

Study
population

Diagnosis:
1996-2001
Age: 35—
79 years
Cases: 1170

Controls: 2 116

Exposure

Data
beginning in
1960 (ambient
exposure to
PAHSs in early
life)

Geographical
traffic exposure
model using

Single pollutant model, adjusted risk estimates?

Premenopausal
breast cancer

Traffic B[a]P:

Q3vsQl at
menarche:

OR = 2.14 (0.93-
4.94)

Q3 vs Ql at birth
of first child:

OR = 0.78 (0.33-

(95% CI)

Postmenopausal
breast cancer

Traffic B[a]P:

Q3 vs QI at first
birth:

OR =1.20 (0.52-
2.77)

Q3vsQlat
20 years prior
to the year of
interview:

All breast
cancers

NA

United States

Bla]P as a 1.86)
surrogate OR =0.89 (0.64~
to estimate Q3 vs Ql at 1.24)
PAH exposure .
from traffic 20 years prior
emissions to the year of Q3vsQlat
interview; 10 years prior
Mean/IQR:not | oo _ 4 48 (0.74~ | to the year of
reported 2.99) interview:
OR =1.04 (0.74—
Q3 vs Ql at 1.45)
10 years prior
to the year of
interview:
OR =1.41 (0.76-
2.60)
Mordukhovich | Population- Diagnosis: Roadway Traffic B[a]P: Traffic B[a]P: Traffic B[a]P:
et al, 2016 (77) | based 1996-1997 emissions were | 5oth to < 75th 50th to < 75th 50th to
Long Island, case—control | age: 20- translated percentile percentile vs <75th
New York, the | (LIBSCP) 98 years old into predicted | \5 < 50th < 50th percentile: | percentile
United States Cases: 1508 ;ﬁ'géﬂi‘%[o]p percentile: OR =100 (0.70- Vs < SOtth|
| = _ percentile:
Controls: 1556 trat OR =084 (0.42- | 142)
concentrations 166) OR =097
Mean/IQR (0.66-1.42)
(ng/m3):
1960-1990
(cumulative
exposure):
227.42/125.31
1995:1.03/0.62
Parikh & Wei, | Ecological Diagnosis: Year: 2008 NA NA Total PAHs:
2016 (90) (SEER 1992-2011 PAH emissions B = 0.568
Metropolitan | Programme) | segR registry | (urban vs rural) (0.209-
Atlanta (metro Mean/IQR: not 0.927)*
area vs rural Atlanta and reported
Georgia, the rural Georgia)

Human health effects of polycyclic aromatic hydrocarbons as ambient air pollutants 17



3. Carcinogenic effects and risk assessment of PAHs

Table 3.2 contd

Single pollutant model, adjusted risk estimates?

Reference Study Study (95% Cl)
. A A Exposure
and location design population Premenopausal Postmenopausal  All breast
breast cancer breast cancer cancers
Large & Wei, Ecological, Diagnosis: Year: 2008 NA NA Total PAHs:
2017 (91) (SEER 2000-2012 PAH emissions B = 0.85
North-eastern | Programme) | ggeR registry | (highly (0.35-1.35)*
and south- (north- industrialized Bla]P?
eastern states, eastern and heavily _
the United and south- polluted in the B = 58.37
States eastern) north-eastern (17'52_*
compared with 99.23)
south-eastern DB[ah]A®
states) B =628.56
Mean/IQR: not (309.79-
reported 947.33)*
B[b]FP
B =77.68
(38.13-
17.23)*
Stults & Wei, Ecological Diagnosis: Year: 2008 NA NA Total PAHSs:
2018 (92) (SEER 1973-2013 PAH emissions From all
nationwide, programme) | SEER registry | nationwide emission
the United (more geographical sources:
States industrialized | variation (more B = 0.424
metropolitan | industrialized (0.278-
SEER regions | metropolitan 0.570)*
and less SEER regions .
industrialized | vs less From traffic
regions) industrialized sources:
regions) B =0.552
Mean/IQR: not (0'278:
reported 0.826)

B[b]F: benzo[b]fluoranthene; Cl: confidence interval, DB[ah]A: dibenzo[ahlanthracene; IQR: interquartile range; NA: not applicable;
LIBSCP: Long Island Breast Cancer Study Project; OR: odds ratio; SEER: Surveillance, Epidemiology, and End Results; *: P < 0.05 (significant
association; Student t-test for continuous variables, x? test for categorical variables).

2 B coefficient or odds ratio.
> Belongs to the US EPA 16 priority ambient PAHs.
Note: bold indicates a positive association.

3.3.4 Childhood cancers

Although little is known about the etiology of
childhood cancers, a significant proportion
can be attributed to genetic factors (93).
Environmental risk factors such as ambient
air pollution may contribute to the risk of
developing these cancers.

To date, six case-control studies have
examined the relationship between exposure
to PAHs and childhood cancers in the United
States. In most of these studies, the PAHs
originated from road traffic, congested
roadways in and around large urban areas,
and industrial sites. The studies generally
showed positive associations between PAH
exposure during the prenatal or postnatal

period and the development of various types
of cancer in children, including brain tumours
(81), leukaemia (79,82), nephroblastoma (94),
neuroblastoma (78) and retinoblastoma (80)
(Table 3.3). However, some limitations were
related to the experimental design of the six
studies. Most were severely underpowered to
detect modest odds ratios. In addition, none
adjusted for parental smoking and only two
adjusted for exposure to other air toxicants
(94) or performed co-pollutant modelling
(82). Moreover, it is notable that only one
epidemiological study per childhood cancer
type (or two in the case of leukaemia) has
been conducted to date. Therefore, more
information is necessary to evaluate the role
of ambient air PAHs in the development of
various childhood cancers.
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Table 3.3. Association between total exposure to PAHs and incidence of childhood tumours

Reference and
location

Study design Type of cancer

Study
population

Exposure

Mean/IQR
concentration
(ng/m?)

Adjusted OR (95% ClI) per IQR increase in pollutant

Prenatal exposure, single pollutant model

Postnatal and infant exposure,

(total PAH) single pollutant model (total
PAH)
Heck et al., Population- Neuroblastoma: Children aged Home addresses were Mean: 1.47 Children living within 2.5 km of an air monitor NA
2013 (78) based case- 75 cases, 14 602 <6yearsliving geocoded as listed on IQR: 1.09 Entire pregnancy:
California, the control controls within 2.5 km the birth certificate. Each OR =1.39 (1.01-1.91)*
United States?® (California and 5km ofan geocoded residence area
Cancer air pollution was linked to the closest Children living within 5 km of an air monitor
Registry monitor (1990-  air monitoring stations to Entire pregnancy:
records) 2007) obtain PAH exposure data OR =1.12 (0.86-1.46)
(available from 1990)
Heck et al,, Population- Acute Children aged Home addresses were Mean: 1.47 Acute lymphoblastic leukaemia (for children NA
2014 (79) based case- lymphoblastic <6yearsliving geocoded as listed on IQR: 1.09 living within 2 km of an air monitor)
California, the control leukaemia: within 2 km the birth certificate. Each First trimester:
United StatesP (California 53 cases, 2159 and 6 km of an geocoded residence area OR = 0.95 (0.82-1.11)
Cancer controls air pollution was linked to the closest Second trimester:
Registry monitor (1990-  air monitoring stations to OR =1.04 (0.94-1.14)
records) Acute myeloid 2007) obtain PAH exposure data Third trimester:
leukaemia: (available from 1990) OR =1.16 (1.04-1.29)*
31 cases, 13 535 Entire pregnancy:
controls OR =117 (0.94-1.45)
Acute myeloid leukaemia (for children living
within 6 km of an air monitor)
First trimester:
OR =0.88 (0.63-1.21)
Second trimester:
OR = 0.96 (0.74-1.24)
Third trimester:
OR =1.13 (0.93-1.36)
Entire pregnancy:
OR =1.07 (0.69-1.65)
Shrestha et al,  Population- Nephroblastoma:  Children aged Home addresses were Mean: not First trimester: NA
2014 (94) based 241 cases, 96 514 <6 years (1988- geocoded as listed on reported OR =0.99 (0.88-1.12)
California, the case—-control controls 2008) birth certificate. Each IQRs: 2.43-2.61
United States® (California geocoded residence area Second trimester:
Cancer was linked to the closest OR =1.06 (0.98-1.15)
Registry air monitoring stations to
records) obtain PAH exposure data Third trimester:

(1990-2008)
Sources: industrial and road
traffic

OR =1.10 (0.99-1.22)

Entire pregnancy:
OR = 1.15 (1.02-1.31)*
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3. Carcinogenic effects and risk assessment of PAHs

Table 3.3 contd

Reference and
location

Study design

Type of cancer

Study
population

Exposure

Mean/IQR

concentration

(ng/m3)

Adjusted OR (95% CI) per IQR increase in pollutant

Heck et al., Population- Retinoblastoma: Children aged Home addresses were Mean: 1.44 OR = 0.95 (0.71-1.27) Child's first year:
2015 (80) based 103 cases, 30 601 <6yearsliving geocoded as listed on IQR: 1.05 OR =1.09 (0.65-1.83)
California, the case-control controls within 5 km of  the birth certificate. Each
United States?  (California an air pollution geocoded residence area
Cancer monitor (1990-  was linked to the closest air
Registry 2007) monitoring stations (data
records) available from 1990)
von Ehrenstein  Population- Brain tumours Children aged Home addresses were Mean: not Medulloblastoma: Medulloblastoma (child’s 1st
et al,, 2016 (81) based case- Medulloblastoma: <6 years geocoded as listed on reported OR = 1.44 (1.15-1.80)* year):
California, the control 34 cases living within the birth certificate. Each IQR: 1.049 OR =1.48 (0.85-2.57)
United States® (California o 5 miles of an geocoded residence area Primitive neuroectodermal tumour:
Cancer Primitive air pollution was linked to the closest OR = 1.06 (0.73-1.55) Primitive neuroectodermal
Registry neuroectodermal gonitor (1990-  air monitoring stations to tumour (child’s 1st year):
records) tumour: 2007) obtain PAH exposure data. Astrocytoma: OR =1.03 (0.53-2.01)
43 cases (available from 1998; before OR =1.06 (0.85-1.33)
Astrocytoma: 199{3, only ZIP codes were Astrocytoma (child’s 1st year):
available) OR =1.17 (0.81-1.69)
106 cases Sources: industrial and road
All tumours: traffic sources
183 cases, 30 569
controls

Mean/ IQR
Concentration
(ng/m?)

Reference and
location

Study

. In utero and early life exposures
population

Study design

Type of cancer Exposure

Symanski et al, Population- Leukaemia: Children aged Used maternal address at POM: Single pollutant Co-pollutant model, Co-pollutant modelf, POM +
2016 (82) based 1248 cases, 12172  <5years (1995- delivery and relied on data Mean: 69 model?, POM: POM + benzene: 1,3-butadiene:
Texas, the case—control controls 20M) from the US EPA NATA (1995), 8 (2002), Medium vs low levels: Medium vs low levels:  Medium vs low levels:
United Statesf (Texas Cancer (modelled estimates of air 6 (2005) OR = 0.94 (0.79-1.12) OR =0.89 (0.73-1.08) OR =0.88 (0.73-1.06)
Registry toxics, 1991-2002 and 2005) IQR: not
records) to obtain PAH exposure reported Medium-high vs low Medium-high vs low Medium-high vs low levels:

levels:
OR =1.12 (0.91-1.38)

data. levels:

Sources: road traffic, OR =118 (1.00-1.39)
petrochemical plants,
petroleum refineries, active
seaports

OR = 1.05 (0.85-1.31)

High vs low levels:
High vs low levels: OR =1.00 (0.78-1.28)

OR = 1.1 (0.94-1.32)

High vs low levels:
OR =1.10 (0.86-1.39)

Cl: confidence interval; IQR: interquartile range; NA: not applicable; NATA: National-Scale Air Toxics Assessment; OR: odds ratio; POM: particulate organic matter; *: P < 0.05 (significant association; Student t-test
for continuous variables, x? test for categorical variables).

2 Benzo[k]fluoranthene, B[a]P, benzo[b]fluoranthene, indeno[],2,3-cd]pyrene and dibenzo[ah]anthracene showed positive associations with neuroblastoma (within 5 km or 2.5 km of an air monitoring station).
> Benzo[K]fluoranthene, B[a]P, benzo[b]fluoranthene, indeno[],2,3-cd]pyrene, dibenzo[ah]anthracene and benzo[ghi]perylene showed positive associations with leukaemia (within 2 km or 6 km of an air
monitoring station).

¢ Adjusted for multiple air toxics.

d Exposure to indenol],2,3-cd]pyrene, B[a]P or benzo[ghi]perylene during a child’s first year and to only benzo[ghi]perylene during the entire pregnancy showed a positive association with retinoblastoma.

e Significant positive associations were reported between medulloblastoma and prenatal exposure to individual PAHs included in the study: benzo[k]fluoranthene, benzo[b]fluoranthene, indenol],2,3-cd]
pyrene, B[a]P, dibenzo[ah]anthracene and benzo[ghi]perylene.

fPAHSs are the most common subclass of particulate organic matter.

9 Levels not reported.

Note: bold indicates a positive association.
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3.3.5 Other cancers

Information is limited on the association
between exposure to PAHs in ambient air
and other cancers. Although a few meta-
analyses have reported an increased risk for
bladder cancer, predominantly in aluminium
production facilities and iron and steel
foundries (84-86,95), only one study has
examined bladder cancer in the general
population. A Spanish case-control study
(1219 cases and 1271 controls) found a positive
but non-significant association between
bladder cancer and living in proximity to

3. Carcinogenic effects and risk assessment of PAHs

industrial sites emitting PAHs. However, it
failed to control for other carcinogenic air
toxicants (96) (Table 3.4). A cross-sectional
study in the United States explored the
association between outdoor residential
exposure to traffic-related ambient PAHs
and the development of cervical cancer
in an urban population. The prevalence of
cervical dysplasia was increased in highly
exposed women after adjustment for age,
race/ethnicity, education, smoking status and
human papillomavirus status (96) (Table 3.5).

Table 3.4. Association between exposure to PAHs in ambient air and bladder cancer incidence

Reference and

Study design

Study

Exposure, mean/IQR concentration

Adjusted risk

location

Vallés/Bages,
Alicante,
Tenerife and
Asturias, Spain

population

Castafo-Vinyals | Population- Diagnosis: 1998-
et al.,, 2008 (96) based case- 2001
control

Age: 21-80 years
Cases: 1219
Controls: 1271

(ng/m?)
Year: 2000

Several indices were used to assess
exposure among people with
residences within 1 km of an industry
with either PAH or diesel emissions
(windows facing traffic and size

of the city of residence were also
considered)

Mean: not reported
IQR: not reported

estimate? (95% Cl)

Proximity to industries
emitting PAHs

OR = 1.23 (0.98-1.55)

Cl: confidence interval; IQR: interquartile range; OR: odds ratio.

2 Odds ratio and 95% confidence intervals were adjusted for age, gender, region, smoking, occupation, water contaminants and diet.

Note: bold indicates a positive association.

Table 3.5. Association between exposure to PAHs in ambient air and increased prevalence of
cervical dysplasia

Reference and

Study design

Study

Exposure, mean/IQR concentration

Adjusted risk

location

population

Scheurer et al,, Cross- Diagnosis: 2000—
2014 (97) sectional 2004

Houston, Texas, | Study Sex: women

the United Age: 21-80 years
States

Cases: 173
Controls: 563

(ng/m?)

Annual concentration estimates of
PAHs was obtained for each census
tract from the US EPA 1999 ASPENP

Mean: 11
IQR: 6

estimates? (95% Cl)

Medium (25th-74th
percentile) vs low
(< 25th percentile)
levels:

OR =1.30 (0.77-2.20)

High (75th-89th
percentile) vs low
(< 25th percentile)
levels:

OR = 2.46 (1.35-4.48)*

ASPEN: Assessment System for Population Exposure Nationwide; Cl: confidence interval; IQR: interquartile range; OR: odds ratio;
* P < 0.05 (significant association; Student t-test for continuous variables, x* test for categorical variables).

2 Multivariable logistic regression was used to estimate prevalence odds ratios and 95% confidence intervals adjusted for age, race/
ethnicity, education, smoking status and human papillomavirus status.

® A computer simulation model used in the National-Scale Air Toxics Assessment conducted by the US EPA.

Note: bold indicates a positive association.
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3.4 Cancer risk assessment for airborne PAHs

Three approaches are typically used for cancer
risk assessment for PAHSs: (i) use of B[a]P as a
surrogate marker for complex mixtures; (ii) use
of component-based potency factors with
B[a]P as an index compound; and (iii) a
comparative whole-mixture potency approach.

3.4.1 Use of B[a]P as a marker for
complex mixtures

The first approach is based on the assumption
that relative PAH concentrations will remain
stable between different exposure scenarios
and sources (e.g. rural vs urban). This
assumption was invalid in a study conducted
over an 18-year period from 1974 to 1992 in
Sapporo (Japan), where ambient B[a]P levels
decreased by 75-80%, while indirect-acting
mutagenic activities declined by only 44—
50% and direct-acting mutagenic activities
did not change significantly (98). The study
suggested that the sole use of B[a]P as an
indicator might not always be appropriate
and could underestimate the risk. In addition,
a large number of more polar PAHs (such as
nitro- and oxy-PAHs) that are released from
the same sources as PAHs or can be formed as
decomposition products of PAHs in air might
also contribute to the toxicological activity (75).
Indeed, both WHO and the European Food
Safety Agency concluded that the surrogate
marker approach is likely to misestimate the
actual risk, as co-occurring substances are also
carcinogenic (9,99).

The main carcinogenic mode of action of
B[a]P is the induction of DNA damage, leading
to mutagenesis. However, many PAHs are
suggested to contribute to carcinogenesis
through non-genotoxic modes of action,
including increased cell proliferation and
inflammation, which could potentiate the
effects of genotoxic PAHs (2). Consequently,
attributing the observed effects to B[a]P alone
may be misleading, as exposure occurs in
conjunction with other PAHs. Furthermore,
using B[a]P as a surrogate marker or

index compound assumes that there are
no interactions between PAHs leading to
antagonistic or synergistic toxic effects. This
assumption might lead to the misestimation of
risks and warrants a shift towards assessment
of whole-mixture exposure and effects (100,1017).

The surrogate marker approach is currently
used in EU regulatory processes to manage
air quality and regulate the permissive
levels of PAHs in ambient air (9,102). The EU
air quality target value for PAHs is 1 ng/m?
Bl[a]P (representing the annual mean) and
should have been achieved by the Member
States by the end of 2012. According to the
European Environment Agency, in 2018 five
Member States, mostly in central and eastern
Europe, reported yearly mean concentrations
exceeding this value (Fig. 3.1) (23). Both the EU
target value (1 ng/m? B[a]P) and the estimated
WHO reference level (012 ng/m?® Bla]P) are
based on the WHO lung cancer unit risk for
PAH mixtures (8.7 x 10 per ng/m* B[a]P),
and correspond to an additional lifetime
cancer risk of approximately nine cases and
one case in 100 000 exposed individuals,
respectively (9). The unit risk is based on an
epidemiological study of coke oven workers
active between 1953 and 1970 that observed a
strongly increased risk of death from cancer
of the respiratory system. Similar estimated
unit risks based on other occupational settings
have ranged between 1 x 10° per ng/m?
and 43 x 10°° per ng/m?® B[a]P (2). How well
these unit risks can represent other sources
such as diesel exhaust or biomass burning is
not well known. Indeed, Pott and Heinrich
concluded that, based on epidemiological and
experimental data, a much smaller amount
of B[a]P in diesel exhaust than in coke oven
emissions was needed to induce a certain
level of tumour incidence (103). In addition, the
B[a]P surrogate approach lacks the flexibility
to be adapted to highly potent carcinogenic
PAHSs, such as dibenzopyrenes, which are now
being discovered as technology is developed
to detect higher numbers of PAHs present at
lower levels (104).
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3. Carcinogenic effects and risk assessment of PAHs

Fig. 3.1. Mean annual B[a]P concentration in European countries, 2018
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Note: the graph is based on the annual mean concentration values. For each country, the number of stations considered (in brackets), and
the lowest, highest and average values (in ng/m?3) recorded at its stations are given. The rectangles mark the 25th and 75th percentiles. At
25% of the stations, levels are below the lower percentile; at 25% of the stations, concentrations are above the upper percentile. The upper
horizontal line marks the concentration of 1.0 ng/m?. The lower horizontal line marks the estimated air quality reference level. The graph
should be read in relation to Fig. 2.2 in the present document, as a country’s situation depends on the number of stations considered. The
highest value for Poland, 18.3 ng/m3, has not been included in the graph for representation purposes.

Source: European Environment Agency. Air quality in Europe: 2020 report. Luxembourg: Publications Office of the European Union; 2020
(European Environment Agency Report No. 9/2020) (23). Reproduced with permission.

3.4.2 Use of component-based
potency factors using B[a]P as an
index compound

For the second approach, the US EPA has
evaluated the use of relative potency factors
(RPFs) for assessing the cancer risks of
exposure to PAH mixtures, including airborne
PAHs (105). In this approach, the different
components of the PAH mixtures are assigned
RPFs relative to B[a]P (i.e. RPF . = 1) and
cancer risk estimates for PAH mixtures are
derived from these factors. Firstly, the sum
of B[a]P-equivalent values (B[a]Peq) for the
different PAHs in the mixtures is determined:

B[a]F)eq =5 ([PAHi] x RPFi)
and then this value is used to estimate the risk:
Risk = B[a]IDeq x unit risk.

However, a large range of RPFs exists for most
PAHSs, which might result in disparity between
risk estimates based on different scales. For
example, published RPF values for dibenzo[ah]
anthracene range between 0.1 and 10. Since
the US EPA priority list was determined, many

highly potent PAHs have been identified in
ambientair,including the dibenzopyrenesand
benzoljlaceanthrylene. Thus, although these
PAHs have been assigned RPF values, they are
rarely included in air monitoring programmes
or health risk assessments because they have
not been identified as priority PAHs. However,
many studies have shown that, although
present at relatively low levels in air compared
with B[a]P, these PAHs make a considerable
contribution to the cancer risk from air
pollution (106-109).

Another issue is that the RPF system requires
a common mode of action and an assumption
of additivity in the resulting toxicological effect.
However,thedifferentPAHshaveheterogeneous
mechanisms of action and many studies have
demonstrated that interactions between
PAHs have non-additive carcinogenic effects
(both higher and lower) (2,7710). In summary,
the lack of coherence between the different
scales and the assumption of additivity are
major limitations for risk assessments based
on component-based potency factors. To
overcome these, a whole-mixture approach
has been recommended (105,111).
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3.4.3 Assessing the whole PAH
mixture by estimating potency

The third approach assesses the whole PAH
mixture by estimating the potency without
the need to identify or quantify individual
PAH compounds. It differs from the other two
approaches in that it attempts to consider all
compounds in a mixture such as air pollution
(i.e. PAHs and others). Using a source-specific
PAH mixture that has been thoroughly
characterized in epidemiological and biological
studies as a reference, a second sufficiently
similar PAH mixture is ranked based on its
comparative potency in a biological test. This
approach has been suggested for a variety of
complex PAH mixtures (712,113), but has yet to
be implemented by regulatory agencies. To use
this approach, the carcinogenicity of the source
mixtures that contribute to a given ambient
environment must first be established. The
levels of each source mixture must then be
estimated for a given ambient environment
(e.g. an industrial city) because contributing
sources differ in their carcinogenicity. It
would be costly and impractical to attempt to
generate carcinogenicity data on many such
PAH mixtures using traditional in vivo testing.
However, both the European Commission and
the US EPA have stated that risk assessment
approaches based on toxicity evaluations of
whole mixtures are preferable because they
inherently address interaction effects among
chemicals (101,105). A whole-mixture approach
wouldalsoremove uncertaintiesrelatedtolevels
of known unknowns (e.g. dibenzopyrenes) in
the mixture. The question of whether B[a]P is
a suitable surrogate marker for airborne PAHs
would also be redundant.

3.4.4 Alternative approaches: use
of mixture potency factors

Although the component-based approach is
recommended and mainly used by both United
States and EU authorities, implementation
of a whole-mixture approach is necessary to
account for possible interaction effects. This
has been recognized by the US EPA (105,111).

As discussed in section 3.4.3, this approach is
not yet viable, mainly because of limited data
for establishing reference mixtures and limited
methods for determining sufficient similarity. A
potential alternative would be to use mixture
potency factors (MPFs). The MPF approach is
similar to the comparative potency approach
but differs from component-based approaches
in that it does not rely on compound-specific
potency values. Instead, it compares the effects
of whole mixtures on a relevant biological
end-point (1714). However, in contrast to the
comparative potency approach, the MPF
approach does not rely on a well-characterized
and sufficiently similar reference mixture but
instead uses a well-characterized single PAH,
such as B[a]P.As B[a]P isalready an established,
well-studied marker for PAHSs, it would be a
suitable reference compound. Thus, potencies
of whole-mixture samples would be expressed
as MPFs relative to B[a]P.

Asitis not possible to perform animal studies for
every complex mixture, sensitive and relevant
in vitro testing systems need to be developed.
The potential of using DNA damage signalling
in human cultured cells as a marker to develop
in vitro MPFs has recently been suggested
(110,114,115). The applicability of DNA damage
signalling as an in vitro marker for genotoxic
potency of other groups of compounds is also
supported by previous studies (116-118). Dreij
et al. (2017) recently showed that the relative
potency of eight single PAHs to activate DNA
damage signalling in vitro was in very good
agreement with published RPFs based on in
vivo studies (174). The combination of in vitro-
derived MPFs for urban whole-mixture air PAH
samples with population exposure modelling
in cancer risk assessment suggested that
6% of all lung cancer cases in Stockholm are
caused by airborne PAHSs, in agreement with
estimations of lung cancer incidences due to
outdoor air pollution in Europe (719,120). The
study concluded that an in vitro approach for
establishing MPFs could be a novel method
to test and assess whole-mixture samples
of airborne PAHs to improve health risk
assessment (114).
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3.5 Conclusions, knowledge gaps and remaining

challenges

The review of epidemiological studies focused
on epidemiological literature published up to
November 2019 on the association between
exposure to PAHs in ambient air and various
cancers in the general population. Since the
early 2000s, only a few epidemiological studies
on breast, childhood, cervical and bladder can-
cer have been performed in the general popu-
lation. The included studies assessed exposure
to PAHs by collecting data from monitoring
stations, where associations with cancer were
examined using either total PAHs or B[a]P as
a marker of PAHs. The evidence demonstrated
a relationship between exposure to PAHSs in
ambient air, particularly from traffic emis-
sions, and an increased risk of breast cancer.
However, the number of studies investigating
this effect was low and the quality of more
than half was considered poor in terms of
causality. A number of case—control studies
investigated the effects of exposure to ambient
PAHs on the occurrence of childhood cancers.
The target populations primarily lived in urban
areas where exposure to PAHs predominantly
originates from traffic and industrial emission
sources. Positive associations between ambi-
ent PAHs and each type of childhood cancer
have been reported. Limited data linking PAHs
from industrial and road traffic sources to blad-
der and cervical cancer were available. Since
only one study from the 1980s was identified
on the association between lung cancer and
exposure to PAHs through ambient air in the
general population, lung cancer findings were
predominantly sourced from occupational
meta-analyses. These showed modest positive
associations between exposure to PAHs and
lung cancer. Furthermore, most did not adjust
for confounding factors such as smoking and
co-exposure to other carcinogenic substances.

Lastly, it is notable that the epidemiological
studies using total PAHs to link any type of can-
cer to ambient PAHs did not indicate whether
any of the three approaches used in cancer risk
assessment (see section 3.4) was considered
when summing the carcinogenic potential of
the individual PAHSs. This may have resulted in
overestimation or underestimation of the risk
estimates.

Overall, the evidence suggests that PAHSs in
ambient air are associated with increased
cancer incidence. Given that many PAHs are
considered carcinogenic or probably carcino-
genic to humans, and assuming that PAHs
cause direct DNA damage, it seems reasonable
to conclude that exposure to PAHs in ambient
air is associated with various types of cancers.
However, additional studies, especially those
using a longitudinal design and considering
the potency of different PAHs within a mix-
ture to contribute to cancer development, are
needed to determine causality for an increased
cancer risk in human populations from ex-
posure to PAHs in ambient air. An important
change for the future will be to investigate the
clinical effects of complex PAH mixtures, ideally
those extracted from actual environmental
samples (e.g. urban air), in order to reflect rel-
evant sources. Risk assessment should focus
on whole mixtures so as to take account of the
effects of interactions between components.
As the composition of PAH mixtures might
change over time, this should be re-evaluated
every 10 years or so. ldentification of more of
the chemical components of the mixtures
would improve the understanding of human
exposure to particulate and gaseous PAHs in a
wide variety of environments.
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4. Non-carcinogenic
effects of PAHSs

4.1 Effects of PAHs on respiratory disease

4.1.1 Background

Epidemiological studies have linked exposure
to air pollution and PM to cancer and various
non-malignant respiratory diseases (121-126).
PAHs are among the air pollutants of particular
concern. They occur both in gas phase and
bound to PM. Although many of the PAHs
in ambient air have carcinogenic potential
and may contribute to the occurrence of
malignant diseases (2), this section focuses
on the potential role of airborne PAHs in non-

malignant respiratory diseases. Evidence
is derived from epidemiological studies
showing associations between PAHs in

ambient air pollution and respiratory diseases
and by experimental in vivo and in vitro
studies indicating a causal mechanistic link
between exposure to PAHs and various health
outcomes (for a detailed overview, see a recent
review (127)).

4.1.2 Review of experimental and
mechanistic studies

Exposure to combustion particles and PAHs
may result in oxidative stress, redox imbalance,
inflammmation, smooth muscle constriction,
epithelial and endothelial dysfunction, and
dysregulated lung development. These symp-
toms and health outcomes have also been
linked to various non-malignant respiratory

diseases (128-130),and may be initiated via var-
ious molecular triggering mechanisms. PAH
metabolism by CYP enzymes may result in the
formation of reactive oxygen species and reac-
tive electrophilic metabolites with the poten-
tial to inactivate sulfhydryl groups important
for the activity of many key signalling enzymes
and transporters. The effects of PAHs may also
be triggered through more specific binding of
parent compounds to cellular receptors such
as AhR, the B,-adrenergic receptor (B,-AR) and
G protein-coupled receptors.

4.1.2.1 PAHs and AhR

ANhR is a key sensor of aromatic compounds
(such as PAHSs); it is highly expressed in the
main structural cells/tissues (epithelial layer,
submucosalglands,fibroblastsandendothelial
cells) of the lungs and in immune cells (131,132).
In the classical mode of action, ligand-
activated AhR dimerizes with the AhR nuclear
translocator and binds and induce expression
of target genes such as those encoding the
CYP enzymes. CYP-mediated metabolism of
PAHSs leading to formation of reactive oxygen
species may have proinflammmatory effects
(131,133). The binding of chemicals to AhR may
also mediate inflammatory signals via non-
classical pathways (independent of activation
of the AhR nuclear translocator), including
cross-talk with members of the nuclear factor
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kappa B family of transcription factors as
well as other transcription factors (134,135).
AhR ligand binding has also been suggested
to mediate immunomodulatory effects via
non-genomic signals, including by increasing
intracellular calcium (136,137). This pathway
does not necessarily follow the classical
activation mechanism: for example, pyrene
binding activates AhR-dependent calcium
signalling but also decreases B[a]P-induced
CYP expression (138). The immunomodulatory
properties of AhR suggest that PAH exposure
may alter respiratory immune responses
and, thus, may be a causative factor in the
development of respiratory diseases.

4.1.2.2 PAHs and B,-AR

Activation of B-AR in the airways initiates
smooth muscle relaxation and bronchodila-
tion, partly through activation of intracellular
calciumand cyclicadenosine monophosphate
(cAMP) signalling (139). For decades, B-agonists
have been widely used as bronchodilators
in treating asthma and chronic obstructive
pulmonary disease. In vitro studies suggest
that B[a]P at low concentrations may interact
directly with the ligand binding pocket of
the B,-AR, leading to increased intracellular
calcium and cAMP signalling, and desensi-
tization of B-AR (140-142). It is hypothesized
that PAH interference with B-AR signalling in
the airways may affect respiratory function in
patients with asthma and chronic obstructive
pulmonary disease (127), as they seem to be
particular sensitive to urban air PM (124,126).

4.1.2.3 Pulmonary oxidative stress,
inflammation and immunological
effects of PAHs

The proinflammatory and AhR-immunomod-
ulatory properties of PAHs may lead to the
production of cytokines and chemokines,
cell death and disruption of the epithelial
barrier (131,143). Such responses may include
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increased levels of neutrophils, eosinophils
and macrophages and the production of
reactive oxygen species, which are important
components of pulmonary inflammation.
Sustained inflammation may exacerbate or
contribute to the development of lung diseas-
es, such as asthma and chronic obstructive
pulmonary disease (143,144). Several studies
have examined inflammatory responses in
lung cells exposed to PAHs. B[a]P exposure
is reported to induce CXC motif chemokine
ligand 8 (CXCLS8) via an AhR-dependent path-
way in primary human macrophages (145).
In epithelial lung cells, B[a]P and other PAHs
(e.g. pyrene and 1-nitropyrene) are reported
to induce the expression of CXCL8 and other
chemokines or cytokines (146-148). However,
the concentrations of pure PAHs required to
induce cytokine responses in vitro appear to
be several orders of magnitude higher than
those reached in real-life exposure scenarios.
Furthermore, ligand binding to AhR appears
to induce both pro- and anti-inflammatory
responses (129). Consistent with the latter, B[a]
P was reported to attenuate the proinflamma-
tory phenotype of macrophages by inducing
in AhR-dependent expression of the anti-in-
flammmatory interleukin (IL), IL-10 (149).

Oxidative stress plays a critical role in the
pathogenesis of asthma and is regulated by
protein phosphatases, nuclear factor-erythroid
2-related factor 2 and intracellular antioxidant
molecules (150). Reactive PAH metabolitesand
reactive oxygenspeciesmayinteractwiththese
systems. PAHs may also increase oxidative
stress by binding to AhR (137,151). Furthermore,
studies suggest that PAHs may act through
immunoglobulin E to stimulate inflammatory
responses and enhance allergic reactions
(144). In vivo PAH exposure may influence the
differentiation of B cells and T helper (Th) cells
by skewing immune responses towards a Th2-
specific profile favouring B cell production of
immunoglobulin E and eosinophils, which are
both hallmarks of allergic inflammation and
allergic asthma (144,152).
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Other studies indicate that PAHs can act
directly on AhR in T cells, leading to enhanced
Th17 cell differentiation. As sources of IL17
and IL-22, Th17 cells are implicated in the
pathogenesis of asthma (153,154).

4.1.2.4 Lung epithelial barrier and
respiratory infections

Disruption of the lung epithelial barrier due
to cell death induced by reactive PAH species
or reactive oxygen species may increase the
probability of exposure to various pathogens
(155). Synergistic effects between PAH and
particles, allergens and lung microbiota may
increase the probability of lung infections
(131,143,156,157). Experimental data from
mouse models indicate that AhR is involved
(via non-classical genomic or non-genomic
pathways) in orchestrating appropriate im-
mune responses in barrier organs such as the
lung (131). As AhR has important functions in
the development and differentiation of the
immune system, ligand binding to AhR might
affect vulnerability to respiratory infections. In
addition to immune cells, both epithelial and
endothelial cells are targets of AhR-mediated
changes in immune function (158). Notably,
PAHs may increase susceptibility to respira-
tory infections by reducing lung function
and exacerbating asthma (as discussed in
section 4.1.2.3).

Both enhancement of and protection against
infections have been reported after exposure
to AhR ligands (158-160). As they can bind to
AhR and activate various AhR pathways, PAHs
are among the environmental contaminants
suggested to affect vulnerability to respiratory
infections. Notably, as low-molecular-weight
(non-carcinogenic) PAHs can bind to AhR and
trigger non-classical pathways, it is tempting
to speculate that they might also affect
vulnerability to respiratory infections.

4.1.2.5 Respiratory neuronal reflexes
and respiratory symptoms

Respiratory reflexes are responsible for
symptoms such as cough and bronchospasm.
They are regulated by vagal afferent nerves
(or C-fibres), which innervate the airways.
In a recent study, Robinson and co-workers
showed that diesel exhaust particles
(Standard Reference Material 2975) activate
vagal C-fibres in guinea pigs (161). An organic
extract of diesel exhaust particles (including
PAHSs), and not the cleaned particles, evoked
depolarization of vagal C-fibres in guinea pig
and human. Interestingly, this effect was also
seen after exposure to very low concentrations
(1 nM) of phenanthrene, a non-carcinogenic
PAH that is among the most abundant PAHs
in urban air (2). The mechanisms for these
responses appear to involve AhR activation
and the subsequent influx of calcium through
transient receptor potential channels.

4.1.3 Review of epidemiological
studies

Causality between air pollution exposure
and respiratory diseases is well established
(121,122,124-126). As PAHs are important com-
ponents of PM from combustion sources, it is
difficult to discriminate between the impacts
of combustion-derived PAHs and of PM on
respiratory diseases from epidemiological
data. Furthermore, people are also exposed
to PAHs from other major sources, including
food. Nevertheless, several epidemiological
studies have associated airborne PAHs with
the occurrence of different respiratory symp-
toms and diseases, such as asthma, impaired
respiratory functions and chronic obstructive
pulmonary disease. Inhaled PAHs are consid-
ered to have a greater impact on respiratory
health outcomes compared with exposure
from other sources.The following sections
are based on a recent review of studies on
the effects of PAH exposure on asthma and
respiratory function (127).
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4.1.3.1 Childhood asthma

Studies have shown that PAH exposure is
associated with asthma onset and increasing
asthmatic symptoms in children (144). A
case—control study of 195 children identified
a strong association between serum PAHs
and biomarkers of childhood asthma (162).
Another case—control study in children found
that exposure to PAHs (measured as urine
Thydroxypyrene) is associated with asthma
(163). The latter study suggested that the effect
of PAH exposure on asthma was mediated
by oxidative stress, based on measurement
of the oxidative stress marker, 8-hydroxy-2'-
deoxyguanosine (8-OHdG), in children’s urine.
However, it is difficult to determine which
mechanisms are involved owing to the variety
of PM components and the heterogeneous
causes of asthma. Furthermore, 80OHdG may
also be a direct effect of PAH exposure rather
than indirectly produced by inflammatory
reactions.

4.1.3.2 Respiratory function and
symptoms in children

No association was reported between PAH
exposure and respiratory symptoms in chil-
dren living near an industrial complex and
petroleum refineries in Canada (164) nor in
an inner-city cohort in New York City (United
States) (165). An overall evaluation of the few
studies that have examined this relationship
reported only a slight or no association be-
tween PAH exposure and pulmonary function
in children (166).

4.1.3.3 Prenatal and postnatal exposure:
effects on respiratory symptoms and
morbidity

Several studies have indicated that in utero
PAH exposure of the fetus dysregulates
lung development and results in respiratory
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symptoms soon after birth (144,167,168). In
another study, epigenetic changes were
significantly associated with transplacental
PAH exposure and asthma symptoms in
childhood (169). These modifications are
suggested to have the greatest consequences
for asthma linked to prenatal and infant
exposure to PAHs (170). In addition, postnatal
exposure to PAHs is suggested to affect
respiratory function in children, with the
possibility of both separate and joint effects
of transplacental and postnatal PAH exposure
(167,171-173). In a longitudinal birth cohort
study in New York City (United States), both
prenatal and postnatal exposure to pyrene
were associated with non-atopic asthma in
urban children (174).

4.1.3.4 Respiratory function and
symptoms in adults

Changes in urinary PAH metabolites seem to
be associated with significant decrements in
lung function in the general population and
in elderly people (175,176). In occupational
settings, associations between decreases in
lung function parameters and increased levels
of urinary PAH metabolites have also been
observed (177,178).

4.1.3.5 Obstructive lung diseases and
mortality

Both ambient and occupational exposures
to air pollution have been shown to induce
exacerbation of, and increased mortality from,
obstructive lung diseases (123). However, it
is uncertain whether particle-bound PAHs
are associated with increased respiratory
morbidity and mortality. A study of a large
cohort of asphalt workers concluded that
exposure to PAHs originating from coal tar,
and possibly from bitumen fumes, might have
contributed to mortality from obstructive lung
diseases (179).
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4.1.4 Conclusions, knowledge
gaps and remaining challenges

Human epidemiological studies combined
with experimental studies support the hy-
pothesis that exposure to PAHs linked to PM
may at least partly explain the enhanced risk of
non-malignant respiratory diseases observed
after PM exposure (127).

Epidemiological studies found that PAHs are
associated with the adverse health effects
observed after exposure to combustion par-
ticles, including reduced lung function, exac-
erbation of asthma, and increased morbidity
and mortality from obstructive lung diseases.
However, the specific role of PAHs is difficult to
disentangle from the contribution from other
components originating from combustion
processes, including PM.

In support of these epidemiological asso-
ciations, in vivo and in vitro experimental
studies have provided possible mechanisms
linking PAH exposure to various non-malig-
nant respiratory diseases. The effects of PAHs
on respiratory tissue or cells may be partly
mediated by classical AhR-dependent mech-
anisms, including binding to AhR, increased
gene expression and metabolic activation of

PAHs to reactive metabolites. These events
have been found to induce proinflammatory
mediators and oxidative stress, along with
more subtle effects, such as altered calcium
signalling and cell membrane depolarization.
Other experiments suggest that organic
compounds attached to the carbonaceous
core of combustion particles may mediate
PAH-induced immunomodulation, although
not necessarily via the classical AhR genomic
pathway. However, a number of uncertainties
remain, including concentration-response re-
lationships, the mechanisms involved and the
relative importance of different PAH species.

Clearly, further epidemiological and
experimental studies are required to clarify the
potential role of exposure to PAHs in ambient
air in asthma and other non-malignant
airway diseases. Current knowledge of the
mechanisms for air-pollution-induced non-
malignant respiratory diseases is insufficient
to establish regulatory guidelines for B[a]P
or other PAH species. Furthermore, it is not
possibletoconcludewhetherthecurrent WHO
guidelines for B[a]P, which are based on its
carcinogenic potential, may provide sufficient
protection against other respiratory diseases
that may be affected by PAH exposure.

4.2 Effects of PAHs on cardiovascular diseasess

4.2.1 Background

Epidemiological studies combined with
experimental studies strongly suggest that
exposure to PM,. may have vascular effects,
leading to ischaemia, myocardial infarction,
stroke and other cardiovascular diseases
(CVDs) (121,180,181). Most of the health impact
of PM, _ is caused by its cardiovascular effects
(120,182), and there is no apparent effect
threshold in the dose range to which humans
are exposed (183).

Combustion PM may contribute to CVD de-
velopment via several mechanisms. Inhaled
diesel exhaust is reported to trigger recep-
tors in the autonomic nervous system of the
respiratory tract, thereby affecting cardiac
control (184,185). Exposure of pulmonary mac-
rophages and epithelial cells to combustion
PM may cause oxidative stress and systemic
infammation, with harmful consequences
for endothelial cells (186,187) or platelets and
coagulation processes (188-190). However,
combustion particles or their constituents
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may also have direct cardiovascular effects
(191-193).

The biological effects of combustion PM
seem to largely depend on bound organic
chemicals, although the carbonaceous cores
may also be involved (191,192,194,195). Animal
studies have shown that after the removal of
organic chemicals, diesel exhaust particles
lose their potential to induce atherosclerosis
(196). This finding was further supported by in
vitro studies suggesting that many of the bi-
ological effects of combustion PM relevant to
CVD are linked to their extractable chemicals
(191,192,194,195,197-201). The complex compo-
sition of combustion PM means that a single
chemical, chemical group or component is
unlikely to be responsible for the various car-
diovascular effects (121,130,202). However, from
a toxicological perspective, PAHs are clearly
among the PM components of particular con-
cern. Although only a small number of inhaled
particles will reach the bloodstream (7195), PAHs
may rapidly detach from particles deposited
in the alveoli and diffuse into the bloodstream
(203,204). The following sections discuss the
potential role of PAHs in the development or
exacerbation of CVD from PM exposure. More
detailed overviews can be found in two recent
reviews (128,205).

4.2.2 Review of experimental and
mechanistic studies

4.2.2.1 Effects on the cardiovascular
system via AhR and CYP

Most effects of PAHs are mediated via AhR and
AhR-regulated xenobiotic metabolizing en-
zymes, which are abundantly expressed in the
cardiovascular system. Particularly high levels
are found in the endothelium of the aorta, cor-
onary arteries and ventricles (206). Disruption
of the synthesis or metabolism of endogenous
substances by PAH modulation of CYPIAI
levels may contribute to CVD pathogenesis
via mechanisms such as cardiotoxicity and
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effects on development of the cardiovascular
system (206-209). In addition, PAH exposure
may induce cardiac hypertrophy. However,
experimental studies of PAHs with differing
potentials to bind AhR or to form reactive
metabolites have not unequivocally identified
the mechanisms involved (206,210-213).

4.2.2.2 Oxidative stress, inflammation
and atherosclerosis

PAHs such as B[a]P are suggested toaggravate
atherosclerosis via increasing oxidative
stress (151). For example, overexpression of
antioxidant enzymes suppressed B[a]P-
accelerated atherosclerosis in apolipoprotein
E (ApoE)-deficient mice (214). Some studies
found that B[a]P and other AhR agonists
increase the expression of chemokines and
proinflammatory cytokines such as CXCL8
and tumour necrosis factor alpha (TNF-a),
which may cause macrophage and neutrophil
infiltration into the lungs (145). Pulmonary
oxidative stress and inflammation may result
in systemic spillover, thereby contributing to
vascular inflammation and CVD development
(121). Oxidative stress in the vascular
endothelium will decrease the availability of
nitric oxide, a key regulator of vascular tone
and blood pressure. Oxidative stress may also
lead to alteration in circulating lipids. Elevated
serum cholesterol-associated triglyceride and
low-density lipoproteins are regarded as the
primary causative factors for the development
of atherosclerosis. These pro-atherogenic
molecules diffuse into the subendothelial
space and cause further vascular dysfunction
(180). Atherosclerosis induced by PAHs has also
been more directly linked to AhR-dependent
effects on cholesterol synthesis (215).

4.2.2.3 DNA damage and
atherosclerosis

Environmental carcinogens, including PAHS,
are suggested to be risk factors for athero-
sclerosis owing to their mutagenic effects
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(216-218). PAHs are hypothesized to cause ab-
errant smooth muscle cell proliferation, a po-
tential focal starting-point in the pathogenesis
and progression of atherosclerosis (219-221).
However, in at least some models, PAHs seem
to induce an inflammatory atherosclerotic
plague phenotype irrespective of their DNA-
or AhR-binding properties (222,223).

4.2.2.4 Endothelial dysfunction

In vitro studies on human endothelial cells
have demonstrated that B[a]P can increase
intercellular adhesion molecule 1 (ICAM-1)
expression through a caveolae- and AhR-
mediated pathway (224). This indicates that
PAHs may cause endothelial dysfunction,
characterized by increased adhesiveness
caused by cell surface presentation of cellu-
lar adhesion molecules, such as ICAM-1 and
vascular cell adhesion molecule 1 (VCAM-I).
Increased endothelial adhesiveness is an es-
sential initiating event in numerous CVDs via
the retention of macrophages and monocytes
in the subendothelial space.

Endothelial dysfunction is also characterized
by disruption of calcium homeostasis (225,226)
and increased expression of proinflammatory
markers (227). Interestingly, in a human
exposure study, the vasodilatory effect of the
calcium blocker, verapamil, was reduced in
volunteers exposed to diesel exhaust particles,
indicating that exposure affects intracellular
calcium ([Ca*]) regulation (228). Recent in
vitro studies suggest that various lipophilic
organic chemicals extracted from diesel
exhaust particles, as well as various PAHs, may
increase [Ca*]. through mechanisms involving
the AhR non-genomic pathway or B,-AR-
dependent responses (138,140,229,230). These
mechanisms may also affect the expression of
proinflammatory marker proteins (207,231). It
should also be noted that pyrene binding to
AhR reduces B[a]P-induced CYP expression
but activates AhR-dependent non-genomic
Ca? signalling (138).

4.2.2.5 Blood pressure

In experimental animals, PAH exposure has
produced equivocal effects on hypertension.
Hypertension induced by 3-methylcholan-
threne was associated with inactivation
of endothelial nitric oxide synthase (232).
Atherosclerosis and hypertension are risk fac-
tors for the development of abdominal aortic
aneurysms. Therefore, it is notable that B[a]
P aggravates the development of abdominal
aortic aneurysms in ApoE-knockout mice
(233). Furthermore, ischaemia-induced angi-
ogenesis following B[a]P exposure was found
to be AhR dependent in zebrafish (Danio
rerio) (234).

4.2.2.6 Foam cell development

Macrophages play a key role in atherosclerosis
progression by releasing proinflammatory
cytokines and forming lipid-loaded foam
cells in subendothelial lesions. Combustion
PM may increase foam cell formation from
macrophages in vitro (235). The study found
that organic extracts from PM induce stronger
inflmmatory responses compared with
the core particles. These responses and the
associated cholesterol and lipid accumulation
were also found after B[a]P exposure and
seem to involve AhR (235,236). Although foam
cell formation is probably induced by several
PM components, PAHs are good candidates.

4.2.2.7 Effects on embryonic
development

Several studies indicate that in utero exposure
to PAHs impairs cardiovascular development.
In Long-Evans hooded rats, in utero exposure
to B[a]P led to significantly elevated systolic
blood pressure in the offspring (237). Potential
mechanisms include AhR activation because
endogenous AhR signalling is thought to be
important for the correct development and
function of the cardiovascular system. AhR-
deficient mice develop cardiac hypertrophy,
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abnormal vascular structure in multiple
organs and altered blood pressure, depending
on the environmental conditions (238). Several
studies also found AhR-dependent effects
of PM and various PAHs on cardiovascular
development in zebrafish embryos (234,239-
243). Interestingly, the mechanism in zebrafish
does not seem to involve classical AhR ligand
binding or the formation of electrophiles.

4.2.3 Review of epidemiological
studies

Accumulating evidence suggests that PM with
the highest proportion of organic chemicals
have the greatest effects on vascular outcomes
(180,191,192,244,245). In a recent review, most
epidemiological studies found significant
positive associations between PAH exposure
and CVD as well as the major risk factors for
CVD, including elevated blood pressure (246).
However, based on the epidemiological data,
it is difficult to discriminate between the
impacts on CVD of combustion-derived PAHs
versus PM, or of airborne PAHs versus PAHs
from other sources.

4.2.3.1 Heart disease and mortality

In some occupations, PM and PAH exposure
may be one to three orders of magnitude
higher than in environmental settings (247).
However, heart disease mortality rates in
occupational cohorts (such as aluminium
smelters) are typically lower than those in the
general population (248,249), probably due to
the healthyworker effect bias.8Therelationship
between PAH exposure and mortality from
ischaemic heart disease (418 deaths) was
studied in a cohort of 12 367 male asphalt
workers from several countries (249). Both
cumulative and average exposure indices for
B[a]P were positively associated with mortality
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and demonstrated a consistent exposure-
response relation for this association. Recent
morbidity studies using biomarkers of CVD
(e.g. systemic inflammation, blood pressure
and altered heart rate variability) reported
associations of PM and PAH exposure with
adverse cardiovascular effects in aluminium
smelters (250). Ischaemic heart disease
mortality was associated with B[a]P in the
highest exposure category. Furthermore, a
monotonic,® but non-significant, association
was observed between chronic B[a]P exposure
and acute myocardial infarction. However,
these associations were stronger during
employment, suggesting that CVD risk may
not persist after occupational exposure stops.

A study of a cohort of automobile workers
reported modest evidence that occupational
exposure to PM containing PAHs may in-
crease the risk of mortality from ischaemic
heart disease (251). In a population-based
case-reference study of myocardial infarction
and occupational exposure to motor exhaust
and other combustion products, the relative
risk of myocardial infarction was 2.11 for highly
exposed individuals and 1.42 for those with in-
termediate exposure to combustion products
from organic material (compared with a con-
trol population with matching demographic
characteristics). Exposure-response patterns
in terms of both maximum exposure intensity
and cumulative dose were also found (252).

Exposure to traffic increased the risk of
myocardial infarction in susceptible people
(253). Increased onset of chest pain was
observed immediately and up to 6 hours
after traffic exposure. Exacerbated heart
symptoms among myocardial infarction
survivors have been linked to PM-associated
organic compounds (254). The study showed
an association between PM-adhered organic
chemicals and daily symptomes.

8 The healthy worker effect is a special type of selection bias, typically seen in observational studies of occupational exposures with
an improper choice of comparison group (usually, the general population). Conversely, the health of people who stop working is
generally worse than the health of a similar group of people who continue to work.

9 Monotonic functions are those that increase or decrease over their entire domain.
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An association with symptom severity among
myocardial infarction survivors suggests that
PM-associated PAH concentrations have a
major influence on cardiovascular health
(255). In the general population, cross-sec-
tional studies found that the concentration
of urinary monohydroxy (OH) metabolites of
phenanthrene is significantly associated with
self-reported CVD (256). Individuals in the
middle and highest tertiles for fluorene and
phenanthrene metabolites had a significantly
higher prevalence of peripheral arterial disease
compared with those in the lowest tertile (257).
A Chinese multiprovincial cohort study found
an association between the 10-year risk of
atherosclerotic CVD and PAH exposure, meas-
ured as urinary hydroxylated PAH (OH-PAH)
metabolites, specifically 2hydroxyfluorene,
9-hydroxyfluorene, 1-hydroxyphenanthrene and
total OH-PAH levels (258).

Occupational PAH exposure was associated
with altered heart rate variability in boiler-
makers (59,259) and coke oven workers (59).
Recently, an association between background
PAH exposure and heart rate variability in
the general population was also reported.
Increased urinary OH-PAH metabolites were
associated with a decrease in heart rate vari-
ability (using Framingham Risk Scores) in an
exposure-responsive manner (260).

4.2.3.2 Inflammatory markers

Urinary 1-hydroxypyrene was higher in taxi
drivers than in non-occupationally exposed
people and correlated positively with levels
of both proinflammatory cytokines (IL-1B, IL-
6, IL10, TNF-q, interferon gamma and high-
sensitivity C-reactive protein) and biomarkers
of oxidative damage (serum levels of oxidized
low-density lipoproteins, autoantibodies
and homocysteine) and negatively with
levels of antioxidants. As increased levels of
inflammatory biomarkers and homocysteine
are important predictors of cardiovascular
events, these data suggest a possible link
between occupational PAH exposure and CVD

(261).In support ofthis, urinary 1-hydroxypyrene
levels were positively associated with both
carotid intima-media thickness and serum
homocysteine levels in taxi drivers (262).
Occupational exposure to soot (which is
rich in PAH) has also been associated with
an increased risk of CVD. A cross-sectional
study found that chimney sweeps had up
to sevenfold higher concentrations of PAH
metabolites in their urine compared with
controls, and the concentration of PAH
metabolites correlated positively with the
percentage of time spent sweeping soot
(263). Furthermore, early markers of CVD
(i.e. cholesterol, homocysteine and reduced
levels of high-density lipoproteins) were
affected in serum from chimney sweeps.
A study of school-aged children identified
an association between increased oxidative
stress biomarkers and urinary PAHs (264).
Increased serum levels of Creactive protein
(indicating inflammation) have also been
reported in people with elevated levels of
urinary PAHs (265).

4.2.3.3 Blood pressure

Coke oven workers are exposed to high levels
of PAHSs, and studies have shown an associa-
tion between exposure to coke oven emissions
and both hypertension and abnormal electro-
cardiography (266-268). Levels of 2hydroxy-
phenanthrene, 3-hydroxybenzo[a]pyrene and
3-hydroxybenzo[alanthracene in chimney
sweeps were positively associated with di-
astolic blood pressure (263). Contradictory
findings were reported in a study of blood
pressure and PAH exposure in outdoor work-
ers: overall, levels of urinary 1-hydroxypyrene
were negatively associated with systolic and
diastolic blood pressure (269). The authors
suggest that occupational exposure to PAHs
may significantly influence blood pressure,
probably via the autonomic nervous system.

In a population of elderly people, oxy-PAHs
(chrysene-5,6-dione and B[a]P-3,6-dione) were
significantly associated with increased systolic
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blood pressure and pulse pressure (270). PAHs
were also associated with hypertension in a
study of younger adults, mostly women (271).
Another study investigated the association
between PAH concentrations in housewives’
hair and hypertension (177). Of the seven PAHs
measured, only acenaphthylene was associ-
ated with an increased risk of hypertension. A
study in Saudi Arabia found that living close to
an oil refinery was associated with increased
PAH and PM exposure and prehypertension
and in children (272). However, urinary PAH
metabolites (I-hydroxypyrene and hydroxy-
phenanthrene) were not associated with car-
diovascular outcomes. A repeated measures
study of 106 residents in China analysed eight
urinary OH-PAH metabolites (273). The study
found an association of OH-PAHs with high
blood pressure and increased risk of athero-
sclerotic CVD, which may have been partly
mediated by obesity.

4.2.3.4 Embryonic development

Passive diffusion seems to control the
transplacental transfer of PAHs from maternal
serum to the fetal circulatory system (274).
Evidence from experimental systems shows
that embryonic PAH exposure results in
congenital heart defects (234), as discussed
in section 4.2.31. However, results from a
large population-based study do not support
an association between potential maternal
occupational exposure to PAHs and congenital
heart defects in children (275).

4.2.4 Conclusions, knowledge
gaps and remaining challenges

Human epidemiological studies, combined
with experimental animal and in vitro studies,
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strongly suggest that exposure to combustion
particles, specifically PM, ., increases the risk of
CVDs, including atherosclerosis, hypertension,
myocardial infarction and thrombosis. The
available evidence suggests that organic
compounds attached to these particles are
significant triggers of CVD, of which PAHs may
be important contributors. However, based
on epidemiological data alone, it is difficult
to separate airborne PAHs from other PAHs
sources.

Potential mechanisms linking PAH exposure
to CVD include AhR-induced changes in gene
expression, changes in calcium homeostasis,
and the formation of reactive oxygen species
or reactive electrophilic metabolites. That
is, they are not restricted to the classical
mechanisms of PAH-induced mutagenesis
and carcinogenesis, upon which the current
PAH risk assessments and regulations are
based. The current understanding of PAH
mechanisms mainly derives from B[a]P
exposure studies, but PAHs that lead to
cardiovascular outcomes could differ from the
classical carcinogenic PAHSs. A limited number
of studies indicate that three- and four-ring
PAH species with low or no carcinogenic
potential, such as pyrene and phenanthrene,
could also affect the cardiovascular system.
Owing to the high abundance of these PAHs in
outdoor air (exceeding B[a]P levels by several
orders of magnitude (2)), further clarification
of their effects on CVD is needed. Moreover,
the concentration-response relationship,
mechanisms involved and importance of
different PAH species are uncertain. Studies
on the association between PAHs and CVD in
the general population are also scarce.
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4.3 Effects of PAHs on neurodevelopment outcomes in

children

4.3.1 Review of experimental
studies

The effects of B[a]P exposure during gestation
or early life have been investigated in exper-
imental animals (rodents). Reported effects
of developmental toxicity include changes
in embryonic or fetal survival, pup weight,
blood pressure, fertility, reproductive organ
weight and histology, and nervous system
function (276).

According to a review by US EPA, the results
of neurodevelopmental studies in rodents
have consistently demonstrated that B[a]P
exposure, particularly during late gestation or
early postnatal development, has persistent
neurobehavioural effects (276). These effects
have been observed across several behaviour-
al domains in multiple strains and both sexes
of two rodent species. The review covered sev-
eral types of neurodevelopmental outcomes,
including cognitive function; neuromuscular
function, coordination and sensorimotor
development; anxiety and activity; and elec-
trophysiological changes.

4.3.1.1 Cognitive function

B[a]P (lactational oradministered through oral
gavage) affected the performance of rodents
in Y-maze (mice) and Morris water maze (rats)
tests (276). These responses probably reflect
effects on spatial learning and memory,
although other neurobehavioural alterations
may also have contributed to the responses.
Dose-dependent effects in rats persisted for
weeks or months after the exposure.

4.3.1.2 Neuromuscular function,
coordination and sensorimotor
development

The USEPAreviewofavailablestudiesindicated
that impaired performance in neuromuscular
and sensorimotor tests (surface righting reflex
test, negative geotaxis test and forelimb grip
strength test) was consistently observed in
mice lactationally exposed to B[a]P (= 2 mg/kg
per day) and in rat pups exposed postnatally
(= 0.02 mg/kg per day) by oral gavage (276).
The results suggested that the effects may
be specific to exposure during particular
developmental life stages.

4.3.1.3 Anxiety and activity

Decreased anxiety-like behaviour has been
reported in both rats and mice tested in an
elevated plus maze after postnatal (lactational)
exposure to B[a]P (276). The results suggested
that effects were greater in older animals,
that is, when the period was longer between
exposure and testing.

4.3.1.4 Electrophysiological changes

Two studies on electrophysiological changes
in rats following gestational exposure to B[a]P
were undertaken by the same research group.
One of the studies suggested that gestational
exposure to B[a]P may have long-lasting
effects on neuronal activity in response to
sensory stimuli (whisker stimulation) (276).
However, data from the other study were
difficult to interpret owing to maternal toxicity
and ex vivo methodology.

Fish and in vitro models of toxicity have
been used to explore the developmental
neurotoxicity of PAH mixtures and of single
PAHs other than B[a]P.
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Geier, Chlebowski et al. (2018) assessed the
neurobehavioural effects of 123 PAHs (parent,
nitrated, oxygenated, hydroxylated, methylated,
heterocyclic and aminated compounds) in a
high-throughput assay in zebrafish embryos
and larvae (277). The photomotor response
outcomes observed at these life stages
suggestedthatadiverserangeof PAHstructures
can elicit neurobehavioural effects. A number
of PAHs induced larval photomotor responses
but did not affect other end-points. Geier,
Minick et al. (2018) also used a zebrafish model
to investigate the developmental neurotoxicity
of 10 PAHs, applied both individually and as a
mixture (278). Effects in the larval photomotor
response assay were observed after exposure
to most of the individual PAHs and to the PAH
mixture. Embryos exposed to the mixture and
thengrowntoadulthoodinchemical-free water
demonstrated learning and memory deficits,
suggesting that developmental exposure can
have long-term behavioural effects.

Brown et al. (2016) and Slotkin et al. (2017)
investigated the effects of an environmentally
derived PAH mixture in Kkillifish (Fundulus
heteroclitus) and cultured rodent cells,
respectively (279,280). Brown et al. (2016) found
that embryonic exposure caused short-term
and persistent locomotor and behavioural
impairments in naive killifish, but not in PAH-
adapted Kkillifish (279). Slotkin et al. (2017)
investigated the effects of exposure in two in
vitro cell models: neuronotypic PCI12 cells and
embryonic neural stem cells (280). In PC12
cells, the PAH mixture was far less effective
than B[a]P inimpairing the transition from cell
replication to neurodifferentiation. In contrast,
neural stem cells were more sensitive to the
PAH mixture than to B[a]P alone.

4.3.2 Review of epidemiological
studies

Of the 26 epidemiological studies of
neurodevelopmental effects of exposure to
PAHs identified, many reported findings
consistent with the effects of B[a]P observed
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in animal studies. Three research groups
had published most of the epidemiological
studies, and these had involved the same
three cohorts (or subsets of these cohorts).
Many studies had enrolled children at or before
birth and most assessments were carried out
in children aged 5 years or younger, but some
were in older children. Several studies were
based on the Columbia Centre for Children’s
Environmental Health (CCCEH) cohort in New
York City (United States) (287-292). Researchers
from the CCCEH have also studied a cohort
in Krakow (Poland) (172,290,293-295) and
been involved in research in Tongliang
County (China) (296-30]), focusing on a site
where improvements in air quality were seen
following the closure of a coal-fired power
plant. In addition, Mortamais et al. (2017)
studied schoolchildren in Barcelona (Spain)
(302) and Abid et al. (2014) used information
from the United States National Health and
Nutrition Examination Survey (NHANES)
(303). The studies examined both cognitive
development (such as intelligence quotient
(IQ) or development quotient) and behavioural
development and difficulties; a few examined
brain physiology or biochemistry. The sample
of children included in the studies was often
small. Only three studies included more than
500 children; of these, only one included
over 1000 children (303). Therefore, the small
sample sizes may have limited the power of
the studies to detect associations.

Using NHANES data, Abid et al. (2014)
found a statistically significant association
between urinary fluorene metabolites (but
not with urinary levels of several other PAH
metabolites) and receipt of special education
or early intervention services (303). However,
no association was found between urinary
fluorene metabolites and attention deficit
hyperactivity disorder (ADHD) or learning
disability.

A 2014 summary of results from the CCCEH
cohort by Perera, Weiland et al. (304) indicated
that prenatal exposure to airborne PAH was
associated with developmental delay at age
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3 years (283), reduced 1Q at age 5 years (285)
and behavioural problems at age 7 years (286).
Margolisetal. (2016) later reported that prenatal
PAH exposure was associated with effects on
social competence, mediated by the delayed
development of self-regulatory capacity (282).
Perera, Phillips et al. (2015) found that cord
blood PAH adducts were associated with
reduced brain-derived neurotrophic factor
(BDNF) at age 2 years, but not at age 3 years
(287). Results reported by Perera, Wheelock et
al. (2018) and Vishnevetsky et al. (2015) suggest
that PAH exposure has adverse effects on 1Q
or ADHD behaviour problems, respectively, in
children who also suffered material hardship
(288,292).

In Poland, PAH exposure was found to be
associated with adverse effects on non-verbal
reasoning at the age of 5years (293),on 1Q (172),
and on thought and behavioural problems
(294). In Tongliang County (China), decreased
head circumference (298,301), decrements in
development quotients (299,300) and reduced
levels of mature BDNF (307) were associated
with either cord blood DNA adducts or
exposure to emissions from a coal-fired power
plant. The findings of Perera, Tang, Rauh et
al. (2007) in New York City (United States) and
Perera, Li et al. (2009) in China do not show
that cognitive development is associated
with exposure to PAH exposure (284,285),
but suggest an association with exposure to
environmental tobacco smoke (305).

A morphological study in New York City
reported that PAH exposure is associated with
a reduced white matter surface in the left
hemisphere of the brain (289). This reduction
was associated with slower information
processing during an intelligence test and
with more severe externalizing behaviour
problems, including ADHD symptoms and
conduct disorder problems. In a study in
Barcelona (Spain), Mortamais et al. (2017)
found that PAH exposure was associated with
decreased caudate nucleus volume (302). A
trend analysis indicated that ADHD symptoms
and inattentiveness increased with increasing

exposure to B[a]P, although the relative risks
were not statistically significant. No significant
relationships were reported between total
PAH exposure and neurobehavioural effects.

However, although many studies adjusted for
confounding factors, they did not adjust for
the effects of other air pollutants, and none
provided information on correlations between
levels of PAHs with other pollutants. This limits
confidence in identifying PAH exposure as the
causal factor in the developmental outcomes
reported. This is particularly relevant, given
the emerging evidence from epidemiological
studies of possible neurological effects
associated with concentrations of other air
pollutants (306-308).

4.3.3 Review of other studies and
mechanisms

The US EPA noted that limited data are avail-
able on the potential modes of action for the
developmental effects of B[a]P (276). Possible
modes of action include genotoxicity, muta-
genicity, altered cell signalling via AhR, cyto-
toxicity, and oxidative stress. Similarly, no clear
modes of action have been demonstrated for
the observed neurodevelopmental changes.
The US EPA noted limited experimental sup-
port for a mechanism involving altered neuro-
transmission in the central nervous system.
This might include altered neurotransmitter
gene expression, neurotransmitter levels and
neurotransmitter receptor signalling in rele-
vant brain regions.

Mechanistic studies in rodents exposed to
B[a]P as adults may be informative. Studies
in developing and adult rodents suggest that
changes in N-methyl-D-aspartate (NMDA)
receptor signalling may lead to changes in
spatial learning and memory processes that
may cause behavioural effects in learning
and memory tests (276,309). The evidence
suggests other plausible mechanisms, in-
cluding increased oxidative stress in the in
brain (perhaps from B[a]P metabolites) and
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possible effects on monoamine neurotrans-
mitter signalling (in particular serotonin and
dopamine) (276).

Studies into the neurodevelopmental effects
of B[a]P and other PAHs should be considered
in the wider context of the neurodevelopmen-
tal and neurodegenerative effects of air pol-
lutants more generally, including PM (notably
ultrafine particles) and ozone, with increasing
focus on the involvement of neuroinflamma-
tion (via activation of glial cells) (310,311).

4.3.4 Conclusions, knowledge
gaps and remaining challenges

The limited epidemiological evidence sug-
gests associations between prenatal and
early life exposure to PAHs in ambient air and
effects on cognitive or behavioural function
in children. Experimental studies in labora-
tory animals indicate biological plausibility.
However, a number of knowledge gaps and
challenges remain, including:

4. Non-carcinogenic effects of PAHs

- the extent to which PAHs are the causal
agents of associations reported in
epidemiological studies;

« whether developmental and neurodevel-
opmental effects are general to all PAHs or
specific to some;

- the relative importance of inhalation
exposure and dietary exposure to PAHs
(and possible interactions);

« elucidation of the mechanisms involved in
neurotoxicity; and

- differences in brain development stages
between humans and the various animal
models.

The US EPA's Integrated Risk Information
System assessment uses neurodevelopmental
(oral) and developmental (inhalation) toxicity
in experimental animals (rodents) as sensitive
end-points to derive a reference dose and
reference concentration considered tolerable
for public health (276). However, large uncer-
tainty factors have been applied, reflecting
low-medium confidence levels in the studies
and evidence base. More research is needed
to address all of these issues.
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PAHs are widespread pollutants emitted into
air from many different sources. People are
exposed by inhalation but also by ingesting
contaminated food (e.g. via the long-range
atmospheric transport of air pollutants). Some
PAHsarewell-known carcinogens,with current
policy focusing on lung cancer. However, other
cancers must also be considered, such as
breast cancer and childhood cancers in urban
areas. In addition, PAH exposure is associated
with several other health effects, including
asthma development/exacerbation and CVD,
and adverse effects on neurodevelopment in
children.

In the general population, it is difficult to
determine therelative contribution of different
sources of PAHs and to assess exposure levels
with sufficient resolution. One reason for this
is that monitoring is often designed to meet
requirements for checking compliance with
standards and might be less suitable for
determining PAH exposure at individual level.
Monitoring specific PAH-emitting sources or
modelling PAH emissions at local level might
helptoaddressthis.B[a]P hasbeen usedwidely
as a marker for PAHs for regulatory purposes
based on its documented carcinogenic effects.
However, other highly potent carcinogenic
PAHs and PAH mixtures should also be
considered. PAHs are often emitted from the
same sources as other common air pollutants.
This is both a challenge and an advantage: the
challenge is to disentangle the component-
specific biological effects and exposure at the
individual level of common pollutants such as

PM, nitrogen oxides and polycyclic aromatic
compounds (including PAHS); the advantage
is the possibility of source-specific measures
to combat pollution.

Experimental studies of PAHs and mixtures of
PAHs support the epidemiological findings.
The studies have elucidated the relative
potency of individual PAHs and suggested
possible mechanisms of action. Although
DNA damage and mutation are probably
essential steps, recent studies indicate that
other non-genotoxic mechanisms may also
be involved. However, the relative importance
of the various processes involved in human
cancer development following PAH exposure
is not yet fully understood.

Experimental studies of PM, organic extracts
from PM, and individual PAHs attached to PM
support epidemiological studies on various
non-cancerous diseases. The studies suggest
a role for PAHs in respiratory diseases and
CVDs, as well as in neurodevelopment, and
have elucidated possible mechanisms of
action. The effects of PAHs on many processes
involved in the development or exacerbation
of these diseases are mediated (at least in
part) by AhR. Suggested mechanisms include
AhR-induced changes in gene expression,
changes in calcium homeostasis, and the
formation of reactive oxygen species or
reactive electrophilic metabolites. However,
the dose-response relationships, mechanisms
of action and relative importance of different
PAH species remain uncertain.
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PAHs are a group of chemical compounds
emitted from combustion and some industri-
al processes, and often associated with PM in
ambient air. In contrast to ambient PM, PAHs
are chemically defined and are not char-
acterized by their physical properties upon
sampling. The monitoring networks for PAHs
mainly report the yearly mean levels.

Exposure assessment of PAHs is difficultin the
general population because cancer takes a
long time to develop and exposure conditions
may change over time. The number of
monitoring stations reporting annual data on
PAHs to the European Environment Agency
is about one third of those reporting on
PM,,. Therefore, it is difficult to obtain high-
resolution exposure data for PAHs without
the use of various modelling techniques.
To address this, further studies are needed,
especially longitudinal studies with high
temporal and spatial resolution of exposure
that consider the potency of different
PAHs in a mixture to contribute to cancer
development. An updated assessment based
on more sophisticated epidemiological data
on cancer outcomes in the general population
is also needed. In classifying outdoor air
pollution as carcinogenic, IARC based
some of its conclusions on epidemiological
studies of cancer related to PM exposure.
As reported by Hamra et al. (2014), “The
Group | classification raises questions
regarding individual components in the air
pollution mixture regarding, for example, the
carcinogenic potential of each component
as well as through what pathways they may
contribute to cancer risk” (312). As PAHs are
well known for their carcinogenic properties,
they may make a significant contribution to
the carcinogenicity of pollutants in outdoor
air.

Few epidemiological studies describing the
effects on cancer of PAHs in ambient air have
been published since the early 2000s. Overall,
these studies suggest that PAHs in ambient air
areassociatedwithincreased cancerincidence.
In addition, organic compounds attached to
PM are significant triggers for CVD and are at
least partly responsible for the enhanced risk
of various non-malignant respiratory diseases
after exposure to polluted ambient air. Some
evidence suggests associations between
prenatal and early life exposure to PAHs in
ambient air and adverse effects on lung
development and on cognitive/behavioural
function in children. Experimental studies
of PAHs support the epidemiology and have
elucidated the possible mechanisms of action,
including AhR-induced changes in gene
expression, changes in calcium homeostasis,
and the formation of reactive oxygen species
or reactive electrophilic metabolites.

The main findings of this review are as follows.

« For carcinogenic air pollutants, including
several PAHSs, the lowest possible exposure
should be aimed at to minimize the risk of
cancer development in view of a no-effect
threshold.

«  Of the carcinogenic PAHSs, individual PAHs
may differ in carcinogenic potency by an
order of magnitude.

« Based on current knowledge, it is not
possible to establish whether B[a]P is a
representative marker for exposure to
other PAHSs.

- Current knowledge does not permit the
establishment of regulatory guidelines
for the non-malignant effects of B[a]P or
other PAH species.

« It is not possible to establish whether
current WHO guidelines for B[a]P provide
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sufficient protection against diseases
other than cancer.

Non-cancer health end-points of PAH
exposure should be further explored.
Monitoring programmes should be
optimized to support the protection of

populations from PAH exposure, either by
establishing high-resolution networks in
hot spots or by high-resolution modelling
of PAH concentrations.
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Annex 1. Search strategy

Literature search

An initial screening of the literature was
conducted in March 2018 (1) to identify which
health outcomes to consider. This was used
to understand the breadth of the literature
on the health effects of PAHs and to define
the relevant health outcomes. The latter
comprised:

- different types of cancers

- CVDs

» respiratory diseases

- cognitive end-points,forexample cognitive
development in children

- reproductive outcomes.

Following the initial screening, a search
strategy was developed for each outcome
(2). To ensure the efficient use of time
and resources, a simple search of specific
keywords in the PubMed/Medline database
(i.e. MeSH terms) was conducted to identify
relevant epidemiological literature. This
literature was added to the recent reviews
identified in the initial step. Search terms
were tested against a number of relevant
references found in LUDOK!® Reference lists
on PAHs from Health Canada and the US EPA
were also consulted to identify other possibly
relevant documents. This iterative process
enabled search terms to be optimized in order
to find relevant epidemiological studies on
health effects of ambient PAH exposure. The

search terms, process of quality assurance
and results of the literature search have been
published (12). Searches of PubMed/Medline
were conducted on all five health outcomes
in June 2018. An additional broader, more
sophisticated search for cancer end-points
was conducted in February 2019. These were
combined with a complementary search of
Embase by Health Canada, yielding a total of
1342 potentially relevant studies published up
to November 2019 (3). Following title and/or
abstract screening, 14 epidemiological studies
(six on childhood cancer, five on breast cancer,
one on cervical cancer, one on lung cancer
and one on bladder cancer) met the inclusion
criteria (i.e. the study linked cancer to PAH
exposure in the general population). Studies
that used a proxy indicator of PAH exposure,
such as living close to high levels of vehicular
traffic, were excluded.

After duplicate removal, a title/abstract
screening of 901 studies from the PubMed/
Medline and LUDOK searches and 614
studies from the additional search on cancer
end-points was conducted to differentiate
between epidemiological studies, reviews
and supporting evidence from studies that
used proxy measures for PAH exposure (such
as urinary metabolites), occupational studies,
andanimalorinvitrostudies (Table All). Where
relevance was not clear from titles/abstracts,
the full text was assessed for relevance.

10 The Swiss Literature Database on Air Pollution and Health, which is managed by the Swiss Tropical and Public Health Institute on

behalf of the Swiss Federal Office for the Environment.
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Table ALl Results from literature search for epidemiological studies on PAH exposure in
humans

Studies selected

o Studies
utcome screened Epidemiological . ==~ Occupational Studiesusing Others (e.g. animal,
studies studies proxy measures in vitro)
Cancer 1013 23 30 63 25 -
CVD 123 7 0 9 6 3
Respiratory 89 19 6 6 14 3
disease
cognitiveend- | ,q 10 6 0 15 8
points
Reproductive 144 14 9 4 15 7
outcomes
Additional literature References
1. Kutlar Joss M. Short literature search on
i ; ; reviews on health effects of polycyclic aromatic
Accordl.ng to their areas. of e>.<pert|se, aut.hors hydrocarbons (PAH). Basel: Swiss Tropical and
added literature on the biological mechanisms Public Health Institute; 2018 (https://swisstph.ch/
fileadmin/user_upload/SwissTPH/Institute/Ludok/
of the adversg effects Of. PAH exposure Sonstiges/TFH_PAH_Report/KutlarJoss2018_
based on experimental studies and snowball PAHReviewsOnHealthEffects_Search.pdf, accessed

searching of identified articles. 16 April 2021).

2. Kutlar Joss M. Development of a search strategy for
the review on health effects of polycyclic aromatic
hydrocarbons (PAH). Basel: Swiss Tropical and
Public Health Institute; 2018 (https:/www.swisstph.
ch/fileadmin/user_upload/SwissTPH/Institute/
Ludok/KutlarJoss2018_PAHLiterature_Search.pdf,
accessed 16 April 2021).

3. Kutlar Joss M. Development of a search strategy
for the review on health effects of polycyclic
aromatic hydrocarbons (PAHSs): additional searches
for (lung) cancer. Basel: Swiss Tropical and Public
Health Institute; 2019 (https:/Avww.swisstph.ch/
fileadmin/user_upload/SwissTPH/Institute/Ludok/
KutlarJoss2019_PAHLiterature_Search_CancerPlus_
HealthCanada.pdf, accessed 16 April 2021).
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Annex 2. Information on high-priority PAHs

Nnformaotion on

high-priority PAHS

Since 1976 the US EPA has published a list
of priority PAH compounds (originally 15 and
later increased to 16) as a reference for those
who want to gain a wider knowledge of com-
mon atmospheric PAH compounds (1,2). The
EU (Directive 2004/107/EC) recommends that
six PAH compounds should be measured in
addition to the overall indicator, B[a]P, from
the atmospheric particulate phase PAH
mixture (3).

The emissions, sedimentation to the ground
or sea, and atmospheric background con-
centrations of four five- or six-benzene-ring
PAH compounds in the particulate phase
have been monitored for decades by EMEP™
and the Arctic Monitoring and Assessment
Programme of the Arctic Council (5). Both
organizations produce scientific support to
implement the Aarhus Protocol on Persistent
Organic  Pollutants under the UNECE
Convention on Long-range Transboundary
Air Pollution, and other forums. The four PAH
compounds selected for this purpose were
B[a]P, benzo[b]fluoranthene, benzolk]fluoran-
thene and indenol1,2,3-cd]pyrene (Table A2.).
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Annex 2. Information on high-priority PAHs

Table A2.1. Basic information on the 16 high-priority PAH compounds, as issued by the US EPA

Molecular Molecular

Compound name Abbreviation Vapour pressure?® (Pa) at 25°C
formula mass
Naphthalene Nap 2 CoHg 128 1.4
Acenaphthylene Acy 3 C,H, 152 8.8 x 10"
Acenaphthene Ace 3 C.H, 154 2.9 x 10"
Fluorene Fl 3 C:H, 166 8.0 x 1072
Phenanthrene Phe 3 C.Hpo 178 1.6 x 1072
Anthracene Ant 3 C.Hpo 178 8.0 x 1074
Fluoranthene Flu 4 CieHio 202 1.2 %107
Pyrene Pyr 4 CieHio 202 6.0 x 10
Benzo[a]anthracene® BaA 4 CeHp, 228 2.8 107
Chrysene® Chr 4 CeH, 228 8.4 x10™°
Benzo[b]fluoranthene®< BbF 5 (G 252 6.7 x107°
Benzo[k]fluoranthene®c | BkF 5 CoHy, 252 13 x10°
B[a]P¢ BaP 5 CoHy, 252 7.3 x1077
Dibenzo[ah] DBA 5 C,H,. 278 1.3 x10°®
anthracene®
Indeno[1,2,3-cd]pyrene® IDP 6 (Gl 276 1.3 x170°8
Benzo[ghi]perylene BghiP 6 C,H, 276 1.4 x10°®

Note: PAHs in bold are recommended to be measured in the EU (Directive 2004/107/EC) (3), whereas those in the shaded rows are also
included in Arctic Monitoring and Assessment Programme and EMEP monitoring protocols.

2 Data obtained from a review by Cheruiyot et al. (2015) (6).
> Group 2B: possibly carcinogenic to humans (7).

¢ Benzol[jlfluoranthene is the sixth PAH compound recommended to be voluntarily measured in the Member States of the European
Union (2004/107/EC) (2), but it is difficult to separate from the closest isomer benzo[k]fluoranthene in chemical analysis. It is not on the
US EPA list and, in practice, the sum of both isomers is often given as benzo[k]fluoranthene.

d Group 1: Carcinogenic to humans (7).
e Group 2A: probably carcinogenic to humans (7).
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