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SYNOPSIS 

Particulate matter (PM) refers in this assessment 
to particles of less than or equal to 10 µm mass 
median aerodynamic diameter (PM 10). PM10 

generally includes a fine fraction of particles 
2.5 µm or less (PM2 5) and a coarse fraction of 
particles larger than 2.5 µm (PM,0--25). Particulate 
matter can be emitted directly into the atmosphere 
or formed secondarily from precursor gases as a 
result of physical and chemical transformations. 
Particulate matter may include a broad range of 
chemical species, such as elemental carbon and 
orgamc carbon compounds, oxides of silicon, 
alurninum and 1ron, trace metals, sulphates, 
nitrates and ammonia. 

Particulate matter is ubiquitous, being 
cm1tted from both natural and anthropogenic 
sources. The fine fraction of part1culate matter 
and its prccursor gases originate typically from 
combustion processcs - motor vchicles, 
industnal processes and vcgetativc burning. In 
contrast, the coarse fraction of PM 10 is associatcd 
with mechamcal processes, such as wind erosion, 
breaking occan waves and grinding operations. 
The availablc data indicate that source 
contributions to pnmary particulate matter 
emissions and precursor gases in Canada vary 
by province/territory and by region. Industrial 
sources provide a major contribution in most 
provinces. followed by non-industrial fuel 
combustion and the transportation sector. Forest 
fircs and prescribed burning arc the largest 
estimated sources of particulate matter in some 
provinces and in the territories. Long-range 
transport from industria! rcgions of the United 
States makes a major contribution to levels of 
part1culate matter in some regions of Canada. 

Concentrations of particulate matter 
typically vary by time of day, day of the week, 
season and year. Based on fixed-site monitoring 
of 24-hour concentrations in ambient air, long­
term mean PM iu concentrations during the mid­
l 980s to mid- l 990s ranged from 11 to 42 µg/m' 

at urban sites and during the mid- l 990s 
ranged from 11 to 17 µg/ml at rural sites. 
The corresponding values for PM21 were 
6.9- 20.2 µg /m1 and 7.0- 10.5 µg/ml, respectively. 
The values for both PM,u and PMH are above 
estimated background levels, indicating that 
anthropogenic activities make an important 
contribution to ambient particulate matter 
loadings. On a national scale, average particulate 
rnatter concentrations decreased by approximately 
2- 3% annually between 1984 and 1995. 

In nurnerous epidemiological studies 
from around the world, including Canada, positive 
associations have been observed between ambient 
levels of particulate rnatter ( as PM,u, PM2 5 or 
othcr particlc rnetrics) and a range of health 
outcomes, including daily mortality, respiratory 
and cardiovascular hospitalizations, impaired lung 
fonction, adverse rcspiratory symptoms and 
medication use, restrictcd activity days and the 
frequcncy of reportcd chronic respiratory disease. 
These associations could not be explained by the 
influence of weather. season, yearly trends, day­
to-day variations or variations due to holidays, 
ep1demics or other non-pollutant factors . While 
the populations studied were always exposed to 
other air pollutants in addition to particulate 
matter, associations of a similar magnitude were 
observed across numerous locations with differing 
air pollutant mixtures, and the association with 
particulate rnatter remained in analyses that 
adJusted for the effects of various other pollutants. 
These particulate matter-related health effects 
were observed at arnbient concentrations that 
currently occur in Canada. 

Therefore, the epidemiological evidence 
for mortality and morbidity in response to current 
levels of particulate air pollution meets a number 
of the criteria for causality, including consistency, 
dose-response relationship, coherence, temporal 
relationship and specificity of both outcome and 
agent. With respect to the biological plausibility 
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of the association, the results of experimental 
studies in animais and humans provide some 
limited support for the epidemiological findings. 
However. both animal and experimental human 
work are constrained by the technological 
difficulties in reproducing environmentally 
relevant particulate matter, and this work has 
generally been conducted at high levels with 
artificial particles. Sorne of this work, specifically 
the most recent work with concentrated ambient 
particles, has provided initial evidence of the 
particulate matter-induced effects on the 
cardiorespiratory system. particularly in 
individuals with pre-existing respiratory and 
cardiovascular disease, and has provided 
preliminary indications of possible mechanisms. 
The database supports, therefore, a causal relation 
between current ambient PM 111 and PM2..1 exposure 
and adverse health effects and provides a 
reasonable basis for preventive action. 

Based principally on the sufficient 
weight of evidence of mortality and morbidity 
in the general population exposed to ambient 
concentrations of PM, 0 and PMu examined in 
recent extensive epidemiological analyses in 
Canada and in other countrics (at ambient 
concentrations currently occurring in Canada), 
as well as on somc limited supporting data in 
expe.rimental animal and controlled human 
exposure studies, PM 10 and particularly PM1..1 

are considered to be entering the environment 
in a quantity or concentration or under 
conditions that constitute or may constitute 
a danger in Canada to human life or health. 
Therefore, PM 10 and particularly PM1.5 

are considered to be "toxic" as defined in 
Section 64 of the Ca11adia11 E11viro11me11tal 
Protection Act, 1999 (CEPA 1999). 

Based on available data on the health 
effects of particulate matter, investigations of 
options to reduce exposure to particulate matter 
should be focussed on the fine fraction (PM2_5). 
They should also be designed to reduce mid-range 
(24-hour average) rather than peak (i.e., <24-hour 
periods) exposures, since, on the basis of available 
data, 24-hour average exposure is associated with 
increases in mortality and morbidity. 

The available data clearly indicate that 
relative source contributions to PM,~ and PM2.s 
vary by province/territory and by region. 
There are ongoing initiatives in risk management 
des1gned to accommodate these regional 
variations. Under the Canada-wide Standards 
subagreement of the Harmonization Accord 
signed by the Environrnent Mimsters in 
January 1998. federal and provincial/territorial 
govemments will develop numerical air quality 
standards for PMio and PM25, with each 
jurisdiction developing a plan of action to achieve 
the standards in a specified time frame. Any 
investigations of options to reduce exposure as 
a rcsult of the assessment of particulate matter 
as a Priority Substance under CEPA 1999 will 
complemcnt thosc for this ongoing initiative. 

The conclusion of this assessment is based 
on cstimated and measured ambient levels of PMIO. 
However, the assessment acknowledges that this 
substance can be emitted directly into the 
atmosphere or formed secondarily from precursors 
as a result of physical or chemical transformations. 
It is recommended that stakeholders be consulted 
on the need to add precursors to PM 10 to the List 
ofToxic Substances in Schedule 1 and on the form 
of the Schedule l listing. 
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1.0 INTRODUCTION 

The Canadian Environmental Protection Act, 
1999 (CEPA l 999) requires the federal Ministers 
of the Environment and of Health to prepare and 
publish a Priority Substances List (PSL) that 
identifies substances, including chemicals, groups 
of chemicals, effluents and wastes, that may be 
harmful to the environment or constitute a danger 
to human health. The Act also requires bath 
Ministers to assess these substances and 
determine whether they are "taxie" or are capable 
of becoming "taxie" as defined in Section 64 of 
the Act, which states: 

. . . a sub~mnce 1s tox1c if Il ,~ entering or may enter 
the environment m a quantity or concentration 
or under conditiom that 

(a) have or may have an immediace or long-term 
hannful effect on che environment or its 
biological divcr~ity; 

(b) constitutc or may constitme a danger to the 
environmcnt on which life depends; or 

(cl constitutc or may constitute a danger in 
Canada to human lifc or health . 

Substances that are assesscd as "taxie'' as 
defined m Section 64 may be placed on Schcdulc 
1 of the Ace and considercd for possible risk 
management measures, such as regulations, 
guideline5, pollution prevention plans or codes of 
practice to contrai any aspect of their life cycle, 
from the research and developmem stage through 
manufacture, use, storage, transport and ultimate 
disposai. 

Based on an initial screening of readily 
accessible information, the rationale for assessing 
''respirable particulate matter less than or equal 
to 10 microns" provided by the Ministers' Expert 
Advisory Panel on the Second Priority Substances 
List (Ministers' Expert Advisory Panel, 1995) was 
as follows: 

Exposure to respirable particulate malter in the 
Canadian environment is widespread. Sources 
include vehicle exhaust, construction, industrial air 
pollution and the bulk shipping of minerais. Small 
particles, mespective of the1r origins, are trapped in 

the lungs. Effects associated with ambient exposure 
10 respirable particulate matter include respiratory 
and pulmonary health dysfunction, which can lead 
to school absenteeism and mcrcased hospital 
admissions. An assessmcnt ,s nccdcd to evaluate 
health risks. 

The potential impacts of ambient 
exposure to respirable particulate malter on the 
environment and on human health have recently 
been evaluated by the Federal-Provineial 
Working Group on Air Quality Objectives and 
Guidelines as part of the developmem of National 
Ambient Air Quality Objectives (NAAQO) for 
Particulate Matter. The relevant background 
material was reviewed and the potential risks 
from ambicnt PM 10 and PM!, were assessed in the 
Science Assessment Document produced in 
support of the NAAQO (WGAQOG, 1998). This 
Assessment Report simply summarizes the critical 
information from that document in the context of 
the PSL program. Only the risks posed by 
ambtent particulate matter to human health (i.e., 
whether respirable particulate matter ~10 µm [as 
PM 11 , and PMnJ is "toxic" as dcfined in Paragraph 
64( c J of CEPA 1999) are addressed in this 
Assessmem Report, smce these were the critical 
effects identified in the NAAQO Science 
Assessment Document. 

The Science Assessment Document 
on which this Assessment Report is based was 
prepared by the following individuals: 

R. Bailey, Environment Canada 
M. Bourgeau. Health Canada 
E. Bush, Environment Canada 
T. Dann, Environment Canada 
L. Liu, Health Canada 
S. MacDonald, Health Canada 
S. Pryor, Indiana University 
M. Shepherd, Environment Canada 
N. Suzuki, British Columbia Environment 
K. Timoffee, Health Canada 
G. Wood, Health Canada 

... ,>,. 
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Selected sections of the NAAQO Science 
Assessment Document were prepared based on 
background contract reports by G. Oberdorster, 
University of Rochester (toxicokinetics, animal 
studies) and by M. Utell and J. Samet, University 
of Rochester and Johns Hopkins University, 
respectively ( controlled human studies). 

In January 1997, the draft NAAQO 
Science Assessment Document, incorporating 
information on fine particles. was submitted to the 
Federal-Provincial Working Group on Air Quality 
Objectives and Guidelines for technical review. In 
March 1997, the draft document was sent to the 
following externat peer reviewers, who provided 
written comments with respect to the accuracy of 
reporting, adequacy of coverage and defensibility 
of conclusions: 

G. Pengelly, McMaster University 
J. Samet, Johns Hopkins University 
C. Shy, University of North Carolina at 

Chape! Hill 
M. Williams, U.K. Department of 

Environment, Transport and the 
Regions 

W. Wilson, U.S. Environmental Protection 
Agency 

Information acquired up to the end of 
the period of peer review (i .e .. April/May 1997) 
was considered in revising the NAAQO Science 
Assessment Document. Following revisions, 
technical editing and translation, the final Science 
Assessment Document was released in 1999. 
Staff of the Priority Substances Section of Health 
Canada (R. Newhook and M.E. Meek) assisted 
in the preparation of this Assessment Report, 
primarily to provide context for presentation to meet 
the needs of the Priority Substances program. 

For additional information on the 
preparation process for or the content of the 
NAAQO Science Assessment Document, please 
contact B. Jessiman of the Air and Waste Section 
of Health Canada (health-related sections) or 
M. Shepherd of the Atmospheric Environment 
Service ofEnvironment Canada (environmental 
sections). 

The health-related sections of the 
Assessment Report were reviewed and approved 
by the Health Protection Branch Risk 
Management meeting of Health Canada. 

The entire Assessment Report was 
reviewed and approved by the Environment 
Canada/Health Canada CEPA Management 
Committee. 

A draft of the Assessment Report was 
made available for a 60-day public comment 
period from May 15 to July 14, 1999 
(Environment Canada and Health Canada, 1999). 
Following consideration of comments received, 
the Assessment Report was revised as appropriate. 
A summary of the comments and their responses 
is available on the Internet at: 

www.ec.gc.ca/cceb 1/eng/final/index_e.html 

Copies of this Assessment Report are 
available upon request frorn: 

Inquiry Centre 
Environment Canada 
Main Floor, Place Vincent Massey 
351 St. Joseph Blvd. 
Hull, Quebec 
KlA OH3 

or on the Internet at: 

www.ec.gc.ca/cceb 1/eng/final/index_e.html 

The NAAQO Science Assessment 
Document on which this Assessment Report is 
based is available upon request from: 

Environmental Health Centre 
Room 104 
Health Canada 
Tunney's Pasture 
Ottawa, Ontario 
KlA OL2 
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2.0 SUMMARY OF INFORMATION CRITICAL TO 

ASSESSMENT OF "Tox1c" UNDER CEPA 1999 

2.1 ldentity and physical/chemical 
properties 

2.1.1 Jdentit;' 

Particulate matter is defined for the purposes of 
th1s assessment as particles of less than or equal 
to 10 µm mass median aerodynamic diameter 
(MMAD) (PM'°) that are emitted directly into the 
atmosphere or formed secondarily from precursor 
gases as a result of physical and chemical 
transformations. 

Particles may range from approximately 
0.005 ~1m to l 00 µm in diamctcr, although the 
suspendcd portion is gcncrally lcss than 40 µm . 
PM,u is generally subdivided into a fine fraction 
of particles 2.5 ~1m or lcss (PM!i) and a coarsc 
fraction of particles largcr than 2.5 µm (PM,._2 1). 

It is further class1 ficd as primary ( emitted directl:y 
into the atmospherc) or secondary (formed in 
the atmosphere through chemical and physical 
transformations). The pnncipal gases involved 
m secondary particulate formation are sulphur 
dioxide (SO:), nitrogcn oxidcs (NOx), volatile 
organic compounds (VOCs) and ammonia. 
Prîmary particles are present in both the fine and 
coarse fractions, whereas secondary particles, 
such as sulphates and nitrates, are present 
predominantly in the fine fraction. Both primary 
and secondary particulate matter can result from 
either natural or anthropogenic (human-made) 
sources. 

Particulate malter is unique among 
atmospheric constituents in that it is not defined 
on the basis of its chemical composition. lt may 
include a broad range of chemical species, 
including elemental carbon and organic carbon 
compounds, oxides of silicon, aluminum and iron, 
trace metals, sulphates, nitrates and ammonia. 

The evaluation of the scientific 
information on particulate matter in this document 
focusses on particle size because the evidence 
indicates that particle size is important in 
mfluencing the site of deposition in the 
respiratory tract and the degree of toxicity. 
Particle size also reflects origin and formation of 
airborne particles, the larger sizes being often of 
crustai origin and the smaller sîzes originating 
from combustion processes. 

2.1.2 Plzysical/cl1emical properties 

2.1.2. l Particle size 

Partie le s1zc 1s considcrcd to be one of the most 
relevant paramcters in characterizing the physical 
bchav1our of particulate matter in the atmosphere. 
Extrcmcly small ("ultrafine") particles less than 
0.1 µm in diameter (the nuclei mode) are formed 
primari !y from the condensation of hot vapours 
during high-tcmperature combustion processes 
and from the nucleation of atmospheric species 
ro form new particles. While the greatest 
concentration of airborne particles is found in the 
nucic, mode, these particles contribute little to 
overall particle mass loading due to their tiny 
s1ze. They are subject to random motion and to 
coagulation processes in which particles collide to 
quickly yield larger particles. Consequently, these 
tiny particles have short atmospheric residence 
t1mes 

Particles in the size range of0.1- 2.0 µm 
(the accumulation mode) result from the 
coagulation of particles in the nuclei mode and 
from the condensation of vapours onto existing 
particles, which then grow into this size range. 
These particles account for most of the particle 
surface area and much of the particle mass in the 
atmosphere. The accumulation mode îs so-named 
since atmospheric removal processes are least 

.... ":> ~ ;.~ ~·1.. 
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efficient in this size range. These fine particles 
can remain in the atmosphere for days to weeks. 
Dry deposition and precipitation scavenging are 
the primary processes by which these fine 
particles are eventually removed from the 
atmosphere. It is calculated that precipitation 
scavenging accounts for about 80-90% of the 
mass of particles in the accumulation mode 
removed from the atmosphere (Wallace and 
Hobbs, 1977). 

Particles larger than 2.0 µm (the 
sedimentation or coarse mode) are typically 
associated with mechanical processes, such as 
wind erosion, breaking ocean waves and grinding 
operations. Grinding operations result in the 
physical breakdown of larger particles into 
smaller ones, such as windblown soit, sea sait 
spray and dust from quarrying operations. These 
particles are efficiently removed by gravitational 
settling and therefore remain in the atmosphere 
for shorter periods of a few l10urs to a few days. 
They contributc little to particle number 
concentrations but significantly to total particle 
mass. 

2.1.2.2 Chemical composition 

As a consequence of their different sources and 
mechanisms of production, fine and coarse 
particles have markedly different chcmical 
composition also (Figure 1 ). Coarse particles 
consist primarily of particles derived from the 
earth 's crust and are thercfore rich in oxides of 
iron. calcium, silicon and aluminum and are 
typically basic in nature. Particles in coastal 
regions are enriched with sodium chloride from 
sea sait. Fine particles are composed mainly of 
sulphate, nitrate, ammonium, inorganic and 
organic carbon compounds, and heavy metals 
such as lead and cadmium, ail of which are 
indicators of anthropogenic production processes 
(Seinfeld, 1986). Fine particles tend to be acidic 
in nature. Sulphate has repeatedly been shown to 
be the most abundant single component of fine 
particles (Keeler et al., 1990; Environment 
Canada, 1994 ). However, only a few of the 
numerous organic carbon compounds have been 

ident1fied. and together these may comprise 
approximately 50% of the fine particle mass 
(van Houdt, 1990; Lowenthal et al., 1994). 

FIGURE 1 Generalized chemical composition of 
particulate matter 

Ambient Particulate Matter 

S1hcon 
Sodium 
Chlorinc 

Prccursor Gases: 
Sulphur D,oxidc 
Nurogcn D1ox.1dc 
Volaulc Organ,c Compounds 
Ammonrn. 

Comparisons of urban and rural sites in 
close proximity to one another demonstrate that 
urban particulate matter concentrations are higher 
than rural ones, particularly for coarse particulate 
matter. This is mirrored by an enrichment in 
urban areas in the concentration of ail inorganic 
elements and ions assayed. There are several 
elements/ions for which the urban-rural 
difference is disproportionately greater than the 
total mass difference, however, indicating that 
these constituents are particularly enriched 
in urban areas (calcium, silicon, nitrate, 
iron, aluminum, magnesium, zinc, titanium, 
manganese, vanadium, lead, nickel). This pattern 
is most likely attributed to the greater suspension 
of road dust and more intensive industrial and 
combustion activity in urban areas. 

Estimates of the amount of fine and 
coarse particle mass attributable to carbonaceous 
material ( organic and elemental carbon) were 
made using a mass reconstruction technique and 
data on inorganic species (Brook et al., 1997). 

... 1)'Q: --------------------------------
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Depending upon site, only about 37-61% of the 
PM!s could be explained given the measured 
concentrations of several inorganic ions and 
elements. Thus, carbonaceous material, which 
was likely to have been predominantly organic 
in nature, was responsible for about half of the 
overall fine part1cle mass. This fraction was 
higher in Alberta and British Columbia (-65%) 
than it was on the east coast (40-45%). Sulphate, 
nitrate and ammonium dominate the identifiable 
components of the fine particulate matter mass, 
consistent with the results of many studies. 
Because of the increased importance of crustal 
matenal , a greater portion of the coarse particle 
mass (-70%) was explained by the inorganic 
constituents. 

2.1.2.3 Other properties 

Other phys1cal charactenst1cs that affect particle 
behaviour include particle shape and density and 
bulk propert1es such as chemical composition, 
vapour pressure, hygroscopicity ( water-attracting 
nature), deliquescence and rcfractive index. 
Surface properties such as electrostatic charge, the 
presence of surface films and surface irregularities 
may also influence particle behaviour. Small 
particles are characterized by a large surface area 
relative to their mass, which, when combined with 
surface irregularities and internai pores, leads to 
greater reactivity of fine partie les compared with 
coarse part1cles. 

2.2 Sources of particulate matter 

Parhculate matter is a ubiquitous pollutant, 
reflecting the fact that it has both natural and 
amhropogenic sources. 

Natural sources of primary particulate 
matter mclude windblown soil and minera! 
particles, volcanic dust, sea sait spray, biological 
material such as pollen, spores and bacteria, and 
debris from forest fires . By and large, these 
natural sources produce coarse particles, although 
high-temperature combustion sources such as 
wildfires will generate fine particulate matter. 

Secondary particulate matter can be formed 
through reactions involving natural sources of the 
precursor gases. For example, VOCs are released 
from trees, and nitrogen oxides are released from 
soils. 

Anthropogenic sources also produce both 
primary and secondary particulate matter and both 
coarse and fine particles. Windblown agricultural 
soi! and dust from roads, construction sites and 
quarrying operahons ail contribute primarily to 
the coarse fraction. Smaller particles of more 
complex chemical composition are generated as a 
result of many industrial processes and through 
fossil fuel combustion ( electrical power plants, 
gasoline and diesel vehicles, industrial boilers, 
residential heating, etc.), both directly and via the 
release of precursor gases (VOCs, sulphur dioxide 
and nitrogcn oxides) (Table 1 ). 

Current est1mates of the magnitude of 
pnmary particulate matter emiss ions have been 
compiled as part of the Envîronment Canada 
Critena Air Contaminants 1995 emission 
inventory. This inventory includes emission 
esttmates for primary partîculate matter 
des1gnated as PART (total particulate matter), 
PM"' (particles sized from O to l O µm) and PM!.s 
(particles sized from O to 2.5 µm), as well as 
emissions of the principal precursor gases that 
contnbute to the formation of part1culate matter. 

Environment Canada compiles emission 
inventories based upon three source types: point, 
area and mobile. Provinces and territories provide 
the point source information. Emissions from ail 
three source types are estimated by applying some 
em1ssion factor to a base quantity related to 
activity or production. Minimal information is 
available for directly measured emissions. For 
point sources. the U.S. Environmental Protection 
Agency PMCALC mode! was used to estimate 
em1ssions based upon Standard Classification 
Codes for each source type. Area and mobile 
source emissions are modelled using source­
specific emission factors (principally from the 
U.S. Environmental Protection Agency AP42 
Compilation of Air Pollutant Emission Factors) 

··· 'l·~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. ~~ J 
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TABLE 1 Sources of particulate matter 

Natural Anthropogenic 

Primary 1 Secondary Primary 1 Secondary 

PMl..! 
• wildfire (elemental • organic carbons • fossil fuel combustion • organic carbons from 
carbon and organic from biogenic VOCs (industrial, residential, autos) anthropogenic sources 
carbons) (elemental carbon and of VOCs (autos, industrial 

• nitrates from organic carbons) processes, solvents) 
natural NOx 

• residential wood • sulphates and nitrates 
combustion (elemental from anthropogenic 
carbon and organic carbons) sources of SO, and NOx 

(autos. power plants. etc.) 

PM1u 
• windblown dust • minerai dust from mining 

and extraction industries 
• sea sait spray 

• windblown agricultural soil 
• pollen, spores 

• road dust 

• tire and brake wear 

• dust from construct10n sites 

and information regarding activity level from 
Environmenc Canada. Statistics Canada, Natural 
Resources Canada and provincial/territorial 
govemment publications. 

Table 2 provides the 1995 national 
Criteria Air Contaminants emission inventory by 
category. The provincial source sector breakdown 
is provided in Table 3. The sources included in 
each category in Table 3 are as listed in Table 2. 

The available data clearly indicate that 
source contributions of primary particulate matter 
vary by province/territory and by region. In 
Yukon, the Northwest Territories, British 
Columbia and Saskatchewan, forest fires and 
prescribed buming are the largest estimated 
sources of particulate matter. Industrial sources 
are a major contributor to particulate matter 
emissions including precursor gases in ail 
provinces except Prince Edward Island. In Prince 
Edward Island, non-industrial fuel combustion 
(primarily residential wood combustion) is a 
major source. The transportation sector is also a 
large contributor in Ontario and British Columbia, 

white non-industrial fuel combustion is significant 
in Alberta. Manitoba. Ontario. Quebec, New 
Brunswick and Nova Scotia. A further 
cons1deration is the seasonality of particulate 
emissions. Residential wood combustion is most 
prevalent during the winter months, while forest 
fires are generally limited to the summer months. 
Emissions from the industrial and transportation 
sectors occur year-round, although they are 
subject to many fluctuations. 

Characterization of the sources and 
atmospheric processes that contribute to ambient 
particulate matter levels is a complex process due 
to the contribution of secondary formation from 
diverse biogenic and anthropogenic precursor 
sources. Primary particles, those emitted directly 
from sources, undergo few physical or chernical 
changes between source and receptor. 
Consequently, atmospheric concentrations are 
approximately proportional to their emission 
concentrations. Secondary particles undergo 
physical and chemical transformations, masking 
the chemical composition of the original source. 
Most sulphate and nitrate particles are of ... -» .~ 
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TABLE 2 The 1995 Criteria Air Contaminants emission inventory for Canada (tonnes)' 

Category/sl.'ctor 1 PART' 1 PM .. 1 

lndustrial sources 

Abrasives manufacture 784 361 

Aluminum industry 11 758 7 787 

Asbestos industry 80 48 

Asphalt paving industry 32 930 5 460 

Bakeries 

Cernent and eoncrete industry 21 079 8 486 

Chemicals industry 4 495 2 611 

Clay products industry 2 576 622 

Coal mining industry 11 663 8 849 

Fcrrous foundries 667 448 

Grain industries 58 274 11 729 

Iron and steel industries 20 672 10 813 

Iron ore mining industry 39 412 21 290 

Mining and rock quarrying 86 016 11 508 

Non-ferrous mining and smelting industry 15 630 13 159 

Oil sands 3 937 l 787 

Other petroleum and coal products industry 324 121 

Paint and vamish manufacturing 124 99 

Petrochemical industry 1 310 660 

Petroleum refining 6 522 5 012 

Plastics and synthetic resins fabrication 162 90 

Pulp and paper industry 74 384 50 835 

Upstream oil and gas industry 2 053 2 005 

Wood industry 153 697 86 002 

Other industries 72 612 37 474 

Total industrial sources 621 160 287 255 

Non-industrial fuel combustion 

Commercial fuel combustion 3 360 2 963 

Electric power generation (utilities) 78 797 34 874 

Rcsidential fuel combustion 4 787 3 956 

Residential fuel wood combustion 137 840 137 268 

Total non-industrial fuel combustion 224 784 179 060 

PM,_. 1 so. 1 NOx 1 VOCs 

254 2 827 187 1 481 

5 331 46 236 1 058 963 

25 763 240 1 

1 950 2 384 2 014 3 318 

6 005 

3 769 33 984 32 168 438 

1 391 6 430 24 118 9 403 

181 34 128 3 

6 265 5 321 3 232 1 762 

362 1 673 28 1 807 

1 742 1 31 2 

7 085 62 801 25 490 28 277 

7 625 54 650 7 767 839 

3 223 20 770 14 578 688 

9 845 891 720 3 532 75 

1 407 160 948 16 542 81 

57 578 418 88 

35 18 1 957 

265 1 275 11 598 16 523 

3 268 141 086 26 923 47 655 

62 272 382 6 684 

39 337 77 030 58 064 23 283 

1 938 387261 314 905 689 393 

52 594 2 621 16 025 47 100 

23 833 48 953 60 893 52 988 

171 847 1 949 617 620 343 940 814 

2 683 13 014 29 291 1 787 

18 633 534 323 254 985 2 980 

3 692 17 270 36 699 2 353 

131 797 1 837 12 176 400 092 

156 806 566 445 333 152 407 211 
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Category/sector 

Transportation 

Air transportation 

Heavy-duty diesel vehicles 

Heavy-duty gasoline trucks 

Light-duty diesel trucks 

Light-duty diesel vehicles 

Light-duty gasoline trucks 

Light-duty gasoline vehicles 

Marine transportation 

Motorcycles 

Off-road use of diesel 

Off-road use of gasoline 

Rail transportation 

Tire wear and brake lining 

Total transportation 

Incineration 

Crematorium 

Industrial and commercial incineration 

Municipal incineration 

Wood waste incineration 

Other incineration and utilitics 

Total incineration 

Miscellaneous 

Cigarette smoking 

Dry cleaning 

Fuel marketing 

General solvent use 

Marine cargo handling industry 

Meat cooking 

Pesticides and fertilizer application 

Printing 

Structural tires 

0 
1 PART' 1 PM,. 

2 018 1 115 

32 075 32 075 

545 528 

1 304 1 304 

379 379 

2 586 2 509 

4 870 4 717 

8 438 8 129 

16 16 

17 081 17 081 

4 414 3 867 

19 492 19 492 

4 362 4 313 

97 580 95 524 

3 2 

70 51 

435 370 

l 846 l 015 

157 38 

2 510 1 476 

962 962 

30 30 

3 074 1 385 

1 594 1 594 

10 516 5 153 

5 297 5 244 

0 -. 

1 PM,_, 1 SO, 1 NOx 1 VOCs 

787 2 263 34 026 11 636 

29 498 32 807 378 300 48 540 

414 588 15 073 11 814 

1 203 1 535 5 567 2 600 

347 632 1 978 747 

1 986 4 399 112 437 142 425 

3 256 11 048 273 396 355 873 

7 379 58 000 118 578 37 449 

11 34 630 2 027 

15 714 16 149 209 231 22 581 

3 393 1 005 25 395 93 111 

17 933 7 226 115 604 5 608 

1 353 

83 276 135 686 1 290 214 734 412 

1 3 19 

38 603 752 690 

355 457 1 298 703 

738 42 318 4 568 

16 149 163 294 

1 149 1 253 2 550 6 255 

962 8 8 

1 7 832 

30 2 256 98 498 

274 926 

416 1 

1 583 

1 472 792 66 

29 058 

4 768 10 5 147 
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TABLE 2 (continued) 

Category/sector 1 PART1 
1 PM, 0 1 PM,_, 1 SO, 1 NOx 1 VOCs 

Surface coatings 134 194 

Total miscellaneous 21472 14 368 9 232 2 1 068 549 731 

Open sources 

Agriculture (animais) 248 734 141 041 22 280 12 982 

Agriculture tilling and wind erosion 1 754 440 848 408 18 037 

Construction operations 2 402 115 528 449 10 707 

Dust from paved roads3 2 549 526 511 159 129 517 

Dust from unpaved roads3 6 833 650 2 020 663 300 644 

Forest tires 835 391 706 095 585 048 478 211 027 902 444 

Landfill sites 4 735 379 94 5 139 

Mine tailings 46 858 3 749 937 

Prescribed buming 41 415 32 986 26 872 92 5 551 16 306 

Total open sources 14 716 862 4 792 926 1 094 136 569 216 578 936 871 

National total 15 684 370 5 370 610 1516445 2 653 571 2 463 904 3 575 293 

' Notes: 

1. Table source is Deslauners (2000) 

2. Numbers may not add to totals, due to ruundmg . 

3. The J 995 emission inventory was comp1led with the latest technical and stat1st1cal information available; only the sulphur ox1de emiss1ons can be compared with previous 
emission inventories. 

4. The estimates for PART, PM 10 and PM .. refer to pnmary particulate malter emiss1ons only. 

' PART= total particulate malter. 

' Work is in progress to improve the road dust emission estimates, using the road dust study in Briush Columbia and additional measurements and statistics for selected provinces. 
These estimates provide an update to the mid-1998 emission figures released in Ontario and other provinces . 
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PART' 
Total industrial sources 

Total non-industrial fuel combustion 

Total transportation 

Total incineration 

Total miscellaneous 

Total open sources 

PM,. 
Total industrial sources 

Total non-industrial fuel combustion 

Total transportation 

Total incineration 

Total miscellaneous 

Total open sources 

PMB 
Total industnal sources 

Total non-industrial fuel combustion 

Total transportation 

Total incineration 

Total miscellaneous 

Total open sources 

so. 
Total industrial sources 

Total non-industrial fuel combustion 

Total transportation 

Total incineration 

Total miscellaneous 

Total open sources 

NOx 
Total industrial sources 

Total non-industrial fuel combustion 

Total transportation 

Total incineration 

Total miscellaneous 

Total open sources 

1 Nfld. 1 

44 882 

12 559 

1 796 

252 

107 

274 219 

25 116 

12 138 

I 743 

138 

102 

62 952 

10 198 

11 306 

I 528 

101 

93 

7 636 

43 156 

17 507 

4 319 

31 

0 

1 

10 498 

5 543 

26 488 

74 

0 

56 

PEI 1 NS 1 

1 142 19 352 

1 717 16 523 

478 2 061 

5 118 

201 352 

86 735 378 251 

305 7 296 

1 693 14 838 

473 2 009 

3 . 59 

127 308 

21 714 90 303 

106 3 972 

1 601 13 844 

411 1 716 

3 41 

73 260 

2 728 14 736 

916 20 722 

887 142 798 

712 3 449 

32 103 

0 0 

0 0 

163 10 085 

687 28 125 

7 096 34 749 

29 84 

0 0 

2 18 

NB 1 Que. 1 Ont. 1 Man. 1 Sask. 1 Alta. 1 

25 161 85 375 162 747 20 108 39 193 73 549 

13 943 41 307 37 3JO 6 072 61 676 18 876 

2 267 19 343 23 497 3 687 6 033 13 282 

610 58 929 65 69 21 

345 2 562 4 481 2 577 3 033 3 166 

411 940 2 006 207 3 279 005 951 942 1 534 015 4 946 513 

10 338 38 902 67 203 8 129 10 796 38 478 

13 227 41 041 32 419 5 375 25 807 17 922 

2 241 19 019 22 528 3 592 5 921 13 023 

336 28 472 36 38 16 

284 2 070 3 592 1 610 1 655 I 937 

98 063 545 424 918 300 388 569 689 666 1 509 094 

5 733 22 322 38 284 4 223 4 154 25 939 

12 444 38 932 31 358 4 928 11 253 17 270 

1 929 16 331 18 972 3 120 5 251 11 420 

244 21 334 26 28 11 

227 1 640 2 807 894 686 1 045 

14 591 98 053 168 265 119 824 151 226 213 278 

40 695 336 373 498 220 361 261 18 368 467 270 

71 247 8 058 82 312 I 566 108 833 131 285 

3 590 28 696 51 777 2 568 3 797 9 453 

11 498 403 I I 17 

0 0 0 0 0 0 

0 22 50 79 102 75 

6 306 48 027 97 802 10 573 38 088 327 444 

19 114 14 160 89 285 3 898 50 838 103 211 

37 111 310 192 349511 59 184 80 226 206 326 

105 1 101 586 12 13 15 

0 0 I 0 0 0 

21 9 664 18 699 35 405 45 327 16 323 

... 

• 
BC 1 Yukon 1 NWT Canada 

144 872 1 626 3 154 621 160 

13 875 244 663 224 784 

24 775 207 154 97 580 

381 0 1 2 510 

4 583 35 32 21 472 

458 158 67 784 322 093 14 716 862 

80 120 192 380 287 255 

13 752 237 613 179 060 

24 631 204 140 95 524 

350 0 0 1 476 

2 626 30 27 14 368 

181 286 32 287 255 268 4 792 926 

56 811 40 66 171 847 

13 064 224 581 156 806 

22 297 179 122 83 276 

340 0 0 1 149 

1 461 25 22 9 232 

78 512 19 648 205 640 I 094 136 

147 749 10 14 877 1 949 617 

I 224 147 580 566 445 

26 948 239 138 135 686 

133 0 23 1 253 

2 0 0 2 

53 16 172 569 

69 876 l 044 437 620 343 

11 380 695 6 216 333 152 

173 903 2 979 2 449 I 290 214 

508 0 23 2 550 

1 067 0 0 1 068 

7 113 7 030 76 922 216 578 
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TAIILE 3 (continucJ) 

Category/sector 1 Nfld. j PEI 1 NS 1 NB 1 Que. 1 Ont. 1 Man. 1 Sask. 1 Alta. 1 BC j Yukon I NWT Canada 

VOCs 

Total industrial sources 6 443 4 12 804 2 813 40 230 136 946 7 912 140 636 497 497 83 558 496 11 475 940 814 

Total non-industrial fuel combustion 20 418 3 26] 29 419 25 784 Il] 794 116 254 12 653 11 877 37 905 JJ 674 635 1 534 407 211 

Total transportation 16 347 4 284 21 974 22 846 166 532 230 723 42 144 48 727 107 946 70 059 l 242 1 588 734 412 

Total incineration 514 20 445 l 157 559 2 070 124 131 1 071 127 0 38 6 255 

Total miscellaneous 8 928 2 248 14 141 12 679 123 634 255 ]75 22 263 19 660 50 840 38 942 373 649 549 731 

Total open sources 245 17 150 157 42 327 80 755 152 538 195 255 67 473 36 539 30 266 331 150 936 871 

' Notes: 

1. Table source is Deslauriers (2000). 

2. Numbers may not add to totals, due to rounding. 

3. The 1995 emission inventory was compile<l with the latest technical and statisllcal mfom1ation available. Only the sulphur oxide emissions can be compared with previous emission 
inventories. 

4. Work is in progress to improve the roa<l dust emission t:stimates using the road dust study in Bn11sh Columbia and additional measurements and statistics for selected provinces. 
These estimates provide an update to the mid-1998 c:mission figures released in Ontario and other provinces. 

' PART = total particulate malter. 
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secondary origin, resulting from sulphur dioxide, 
nitrogen dioxide (N02) and ammonia emissions. 
Sorne organic carbon is also of secondary origin. 
resulting from volatile organic gas emissions. 
There are limitations in the current ability to 
comprehensively and accurately assess particulate 
matter emissions due to a Jack of any Canadian 
source apportionment information - i.e., 
information with which to estimate the magnitude 
of secondary particulate matter formed from 
precursor gases. 

Source apportionment, or source 
attribution, allows for the identification 
( qualitatively and quantitatively) of contributing 
sources to support the development of air quality 
management strategies. Source apportionment 
techniques use mathematical models that mode! the 
precursor gas emissions and complex atmospheric 
chemistry involved in the formation of secondary 
particulate matter. There are a variety of techniques 
of various degrees of complexity, from which 
several common features emerge: 

l) In the coarse fraction, which in some studies has 
been defined as PMiu or the range from PM25 to 

PM 1i, there is a predominance of crustal material 
(or road dust, which has components of crustal 
material). The exact contribution, of course, 
depends on the location, the season, etc. The 
contribution of crustal sources greatly diminishes 
in PM2 i samples and is generally less than 
5-15%. 

2) The greatest contributions to PM25 corne from 
organic compounds and secondary sulphates and 
nitrates. In urban areas, the sources of these 
compounds and their precursor gases (sulphur 
and nitrogen oxides and VOCs) are typically 
combustion processes - motor vehicles, 
industrial processes and vegetative buming. Even 
remote areas may be impacted by these sources. 

3) The early estimates for Canadian cities 
(EAG, 1984) are consistent with more recent 
analyses. The estimated motor vehicle source 
contribution ranges from 9 to 39% of PM25 from 
both REVEAL (Lowenthal et al., 1996) in the 

Lower Fraser Valley of British Columbia 
and EAG ( 1984) in a national overview. 
Chemical mass balance motor vehicle source 
apportionments within the Vancouver area 
were highly consistent, at about 40% of PM25 • 

REVEAL (Pryor and Steyn. 1994) indicates a 
motor vehicle contribution of 15-20% to PM2 i. 

In Toronto, the motor vehicle contribution is 
approximately 50% (Lowenthal, 1997). 

Long-range transport of particulate matter 
is also an important source of particulate matter in 
some regions of Canada. Back-trajectory analysis 
based on ambient monitoring prov1des msight 
into the portion of particulate matter contributing 
to local concentrations via long-range transport 
on a continental scale. Ambient concentrations 
of particulate matter for days on which back­
trajectories identified air masses as originating 
from the north (Canada) or from the south (United 
States) are summarized in Table 4 for Kejimkujik, 
Nova Scotla, and Sutton, Quebec. Considering the 
average values, air masses ongmating from the 
north contain approx1mately two-thirds the PMiu, 
half the Ptvl2 5 and one-third the sulphate of air 
masses originating from the south. These results 
indicate the substantial contribution (50% or 
more for fine particles) from long-range transport 
events from industrial regions of the United States 
to ambient levels of particulate matter and are 
consistent with the fact that it is the smaller 
particles that are most )ikely to be transported long 
distances. Further analysis is required to determine 
how often long-range transport from the United 
States impacts Canada, and thus the total 
contribution of long-range transport to particulate 
matter concentrations in Canada. 

2.3 Exposure characterization 

2.3. J Monitoring technology 

Measurements of particulate matter for the purpose 
of current compliance monitoring are generally 
expressed in terrns of mass. Mass measurements 
may be made directly or indirectly. Direct (or 
manual) measurements of particulate matter 
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TABLE 4 Average, median and standard deviation of the 24-hour PM 10, PM25 and sulphate measurements 
sorted by trajectory group 

Site Trajectory n' PM,0 (µg/m') PM,_, (µg/m') Sulphate (µg/m') 
group' 

Average I Median I SD Average I Median I SD Average I Median I SD 

Sutton N 100 10.3 8.1 7.6 

Sutton s 27 15.6 15.9 6.3 

Kejimkujik N 145 8.7 7.0 6.7 

Kejimkujik s 56 13.8 11.0 9.8 

' N ~ North and S = South. 

n corresponds to the number of PM,, sampi es used in the calculat10n. 

concentrations in the ambient air are made by 
collecting particles on a pre-weighed filter over a 
spccified period of time, we1ghing the soiled fil ter 
and then dividing the gain in mass by the volume 
of air sampled. Samples are typically collected for 
a 24-hour period. Sampling inlets that remove 
particles larger than 10 µm may be selected so 
that particles in the PMIO size range arc sclectively 
retained on the filter. Particles may also be 
fractionated into a fine fraction ($;2 .5 µm) and a 
coarse fraction (>2.5- 10 µm), which are collected 
on scparate filters for measuremcnt and analysis 
using dichotomous samplers. Examples of 
manual samplers include high-volume (hi-vol) 
and dichotomous (dichot) samplers. 

Indirect measurements are made using 
parameters other than mass, generally optical 
properties, which can then be converted to units of 
mass concentration based on k.nown relationships 
between the two parameters. Examples of indirect 
methods include British Smoke, Tapered Element 
Oscillation Microbalance (TEOM) and beta­
attenuation monitors; the latter two methods can 
provide near real-time measurements of particle 
concentrations. 

Intercomparison studies indicate that size 
selective inlet (SSI) high-volume samplers and 
dichotomous samplers yield comparable results 
(Dann, 1994), although there are few data for PM2.5 

samplers. With respect to indirect samplers, some 
data from co-located TEOMs and PMio high-volume 

6.6 5.9 4.3 1.8 l.3 

12.0 11.5 6.1 4.4 4.3 

5.3 4.0 4.5 1.4 1.0 

8.9 7.0 7.3 3.5 2.1 

samplcrs have shown good agreement, with 
correlation coefficients of O. 977 for 24-hour 
a vcrages (Meyer, 1993 ). However, there are 
indications that TEOM data are consistently lower 
(on the order of25%) than data from manual 
samplcrs (Moore and Barthelmic, 1995). 

2.3.2 Ambient levels ofparticulate matter 

2.3.2. l Background concentrations 

·'Background" particulate mattcr is generally 
defined as the distribution of particulate matter 
concentrations that would be observed in the 
absence of anthropogenic emissions of particulate 
matter and ofVOC, nitrogen oxide and sulphur 
oxide (SO.) precursors. The actual magnitude of 
background concentrations of particulate matter 

2.0 

2.8 

1.9 

4.5 

for a given location is difficult to determine 
because of the influence of long-range transport of 
anthropogenic particles and precursor gases. The 
range of expected background concentrations on an 
annual or long-term basis is from 4 to 11 µg/m3 for 
PM,0 and from 1 to 5 µg /m3 for PM2.s for remote 
sites in North America (Trijonis, 1982; NAPAP, 
1991; Malm et al., 1994). The range of expected 
background concentrations on a short-term basis is 
much broader given the episodic nature of such 
natural events as wildfires and prairie dust storms, 
which can result in short-term particulate matter 
levels comparable to those in polluted urban 
atmospheres. 
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2.3.2.2 Rural and urban concentrations 

A national PM,0 and PM2_5 monitoring 
program has been in operation since 1984 under 
the auspices of the National Air Pollution 
Surveillance (NAPS) network. This is primarily 
an urban network with few rural sites. 
Measurements are obtained from SSI high-volume 
samplers (PM,0) and dichotomous samplers (PM ,0 

and PM2 5). Since 1994, hourly PMru data from 
TEOM instruments at NAPS sites have also 
been reported to the database. In addition to the 
national network, British Columbia, Ontario and 
Quebec operate particulate matter monitors. 
Particulate matter data are typically collected over 
a 24-hour sampling period on a one-day-in-six 
sampling regime. By operating on this schedule, 
given a long enough sampling period, each day of 
the week is equally well sampled, and hence ail 
conditions during the week are represented. It 
should be noted, howevcr, that this sampling 
frequency does not pem1it the extremes of the 
concentration distribution to be accurately 
quantified. The one-in-six-day schedule has the 
likelihood of underestimating the frequency and 
magnitude of h1gh-concentration PM,0 events 
(by 20-30%), because the nearest days to the 
event day, and/or the event day itself, may be 
excluded by the sampling schedule. 

2.3.2.2. I Twenty-four-hour average PMw levels 

Particulate matter data typically exhibit a skewed 
distribution dominated by a large number of 
low values. Particulate matter concentrations 
also typically exhibit variation on a number of 
temporal scales: diurnal, bebdomadal (day of 
week), seasonal and annual. The causes of these 
variations are multifaceted and are related both 
to emission variability and to variations in 
geophysical variables, such as mixed layer depth, 
wind speed and humidity levels. 

Mean PMro concentrations across Canada 
range from 11 to 42 µg/m3, with most sites in the 
range of 20-30 µg/m3 (Table 5). These levels are 
substantially above estimated background levels, 
indicating that anthropogenic activities make 

a significant contribution to ambient PM,0 

loadings. The highest PMw concentrations 
recorded by the NAPS monitoring network 
were observed in Quebec (at a site in Montréal), 
Ontario (at sites in Windsor, Hamilton and 
Walpole Island) and Alberta (at a site in Calgary). 
However, even within cities, there may be sites 
that experience comparatively low ambient PM,0 

levels, as is the case in Montréal and Calgary. 
The three rural sites of KejimkuJik (Nova Scotia; 
1992-1995), Sutton (Quebec; May-September 
1993) and Egbert (Ontario; 1992-1995) recorded 
mean 24-hour PM, 0 concentrations of 11, 11 and 
17 µg/m3, respectively. 

The season of maximum PM'° 
concentrations is regionally variable, reflecting 
variations in dominant sources of PM, 0 (especially 
secondary aerosols) and synoptic meteorology. The 
sites that exhibit the highest degree of seasonality 
are in Windsor (a summertime maximum) and 
Victoria (a wintertime maximum). Many of the 
sites in British Columbia seem to exhibit a late 
winter/early spring maximum of both mean and 
median PM'° concentrations and the upper quartile 
of the distribution, indicating that both average and 
cxtreme PM'° concentrations are typically higher 
during the months of January, February and March. 
Sites in Ontario seem to exhibit summertime 
maximum PMrn concentrations, which may reflect 
the greatcr abundance of secondary aerosols in 
the Windsor-Québec corridor, where precursor 
concentrations are known to be high. 

A hebdomadal cycle of PM ru 
concentrations is evident at most urban sites. 
Typically, weekend concentrations of PM'° are 
lower than those observed during the work week. 
This difference is magnified for roadway sites, 
where up to a 50% increase in PM'° was noted 
midweek relative to Sunday (ail sites). This 
suggests a substantial contribution to PMIO 
concentrations from transportation sources. 

There has been an apparent decrease 
in yearly variations in PMru concentrations 
during the 1984-1995 sampling period at 
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TABLE 5 

NAPS ID 

1 

Frequency distributions of 24-hour average PM, 0 concentrations (µg/m 3
) from dichotomous sampler sites (1984--1995) and SSI sites 

( 1988- 1994) - national network 

City 

1 

n 

1 

Minimum 1 Percentiles 1 Maximum I Arithmetic 1 

1 10 1 30 1 50 1 70 1 90 1 mean 

Dichotomous sampler sites 

10101 St. John's, Nfld. 39 2 5 12 16 22 29 34 17 

40203 Saint John, N.B. 819 1 5 8 12 18 28 70 15 

30101 Halifax, N.S. 315 6 12 18 23 29 40 81 25 

30118 Halifax, N.S. 272 3 8 11 13 16 22 52 15 

30119 Dartmouth, N .S. 83 2 7 9 11 14 19 36 12 

30501 Kejimkujik, N.S. 506 1 4 6 8 11 21 60 11 

50104 Montréal, Que. 815 3 11 17 23 30 45 99 26 

50109 Montréal, Que. 367 2 18 28 36 49 74 175 42 

50307 Québec, Que. 265 2 9 15 18 27 40 71 22 

50308 Québec, Que. 40 1 5 12 16 20 33 70 18 

54101 Sutton, Que. 136 2 5 7 9 13 21 42 11 

60104 Ottawa, Ont. 470 3 8 14 18 24 38 76 21 

60204 Windsor, Ont. 360 4 13 20 27 36 55 110 31 

60211 Windsor, Ont. 615 5 14 21 27 35 52 105 31 

60417 Toronto, Ont. 272 3 13 19 24 32 48 96 28 

60424 Toronto, Ont. 597 3 11 16 23 30 47 102 26 

60403 Toronto, Ont. 96 6 11 18 25 32 44 63 26 

60512 Hamilton, Ont. 329 4 12 19 26 37 54 177 31 

61901 Walpole Island, Ont. 329 3 9 16 24 35 61 149 30 

64401 Egbert, Ont. 304 1 5 9 13 21 32 77 17 

70119 Winnipeg, Man. 550 3 12 18 24 32 46 112 27 

90130 Edmonton, Alta. 497 4 10 16 23 30 45 86 25 

90204 Calgary, Alta. 144 6 14 20 27 35 59 114 32 

90227 Calgary, Alta. 472 5 10 16 21 29 43 84 24 

100106 Vancouver, B.C. 108 8 13 18 25 30 51 84 28 

100111 Vancouver, B.C. 442 3 11 17 22 29 43 82 25 

100118 Vancouver, B.C. 296 4 9 14 19 23 36 69 21 

100303 Victoria, B.C. 508 2 8 11 15 20 30 71 17 

SD 

8 
JO 

11 
7 
6 
9 

14 
24 
13 
13 
7 

12 
18 
16 
15 
15 
12 
19 
23 
12 
17 
14 
19 
13 
15 
13 
11 
10 

-: 
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• NAPS ID 

SSI sites 

40201 
40203 
40204 
40205 
30311 
60104 
80110 
80209 
80211 
90130 
100111 
100118 
100109 

1 

( continucd) 

City 

1 

n 

1 

Minimum 1 
1 10 

Saint John, N.B. 268 l 9 
Saint John, N.B. 246 1 6 
Saint John, N.B. 106 1 3 
Saint John, N.B. 85 3 6 
Sydney, N.S. 269 5 11 
Ottawa, Ont. 405 3 8 
Regina, Sask. 409 4 8 
Saskatoon, Sask. 217 2 8 
Saskatoon, Sask. 121 4 8 
Edmonton, Alta. 404 5 12 
Vancouver, B.C. 249 5 9 
Vancouver, B.C. 183 4 9 
Vancouver, B.C. 246 5 12 

0 
Percentiles 

1 30 1 50 1 70 1 

15 19 26 
11 14 19 
5 8 11 
9 12 16 

14 18 24 
12 15 22 
13 19 28 
13 17 23 
12 15 20 
17 23 33 
14 17 22 
12 15 21 
17 22 28 

1 Maximum I Arithmetic 1 
90 1 mean 

38 64 21 
28 59 16 
16 50 9 
25 77 14 
39 111 22 
32 77 19 
48 367 25 
35 76 20 
28 75 18 
49 132 28 
34 53 19 
30 58 18 
40 70 24 

SD 

11 
10 
7 

10 
15 
11 
24 
13 
11 
16 
9 

10 
11 

. . 



most sites with a complete data record. The 
largest percent decreases occurred at the 
Montréal-Duncan/Decarie, Edmonton and 
Vancouver sites. A trend analysis of annual PM10 

data for 1984 through 1993 showed a statistically 
significant (p < 0.001) decreasing trend in PM10 

concentrations on a national basis, averaging 2% 
per year (Dann, 1994). 

2.3.2.2.2 Twenty-four-hour average PM!1 levels 

Mean concentrations at the NAPS urban sites 
ranged from 6.9 to 20.2 µg/m3 (Table 6). PMu 
concentrations are more spatially homogeneous 
than PM10 concentrations, but there are still 
significant site-to-site differences, even within the 
same urban area. The highest PM2 s concentrations 
(in terms of means and 90th percentiles) were 
measured at sites in Montréal, Toronto, Hamilton. 
Windsor. Walpole Island and Vancouver. Thcse 
were almost the same sites that rccorded the 
highest PM111 concentrat10ns. The three rural 
sites of Kejimkujik (1992- 1995), Sutton 
(May-September l 993) and Egbert ( 1992- 1995) 
recorded mean PM11 24-hour concentrations of 
7.0, 7.7 and 10.5 ~tg/m', respectively. 

The seasonal variability of PM25 is 
more pronounced than that of PM 10; however, 
the seasonal patterns vary for different regions. 
The Montréal, Ottawa, Edmonton, Calgary and 
Vancouver/Yictona sites record higher PM, s 

concentrations in the winter months, particularly 
dunng January and February. Other Ontario sites 
record the highest daily concentrations in the 
summer months, with a peak median in August, 
reflecting long-range transport from the U.S. 
Midwest. For Maritime sites, there is variable 
seasonal variation in PM2., concentrations, with 
Saint John and Kejimkujik having a summer 
maximum (as a consequence of long-range 
transport from the east coast of the United States) 
and Halifax a winter maximum. 

Minimum PM, 5 concentrations occur on 
Sunday and maximum concentrations during the 
middle of the week at most urban sites. Again, 
this difference is magnified for roadway sites, 

where up to a 60% increase in PM2.5 midweek 
relative to Sunday was noted for ail sites. This 
indicates that there are large day-of-week 
differences in anthropogenic emissions and 
significant contributions from motor vehicles. 

A trend analysis of PMn data for the 
period 1984-1993 showed a statistically 
significant (p < 0.001) decreasing trend in PM, s 
on a national basis, averaging 3.3% per year 
(Dann, 1994 ) . For the Ontario sites, there was no 
s1gnificant change in PM25 between 1987 and 
1993. 

2.3.2.2.3 One-hour average PM,,, /evels 

In 1994, 10 sites (ail but two in the Lower Fraser 
Valley) reported hourly PM111 concentrations to 
the NAPS network using TEOM instruments. 
A maximum onc-hour PM ,., concentration of 
255 ~tg/m ' was measured at the Abbotsford site (in 
the Lower Fraser Valley), and a maximum one­
hour concentration of 204 ~1g/m' was recorded at 
the Edmonton site. Analysis of diurnal variations 
in PMw has shown that a substantial increase in 
PM 00 levcls occurs during the moming rush hour, 
with a sccondary peak during the late evening. 
Minimum values occur during the mid-aftemoon 
and in the early hours of the morning 
( 12:00- 6:00 a.m.). 

2.3.2.3 Relationships among TSP, PM,0 and 
PM, 5 and inorganic constituents of 
particulate matter 

Fourteen urban sites in the NAPS dichotomous 
sampler network operating from 1986 to 1994 
made simultaneous measurements of total 
suspended particulates (TSP), PM10 , PM2 5 and 
sulphate. This data set is valuable in that it allows 
comparison of the composition of these different 
particulate matter fractions at the 14 sites 
(Table 7). On average across the 14 sites, PM10 

accounted for approximately 50% ofTSP, while 
PM,s accounted for approximately 25% ofTSP. 
Both fine and coarse particles accounted for 
approximately equal portions (about 50%) of the 
PM,0 • Most of the sulphate was present in fine 

... ~ 
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NAPS ID 

10101 

40203 

30101 

30118 

30119 

30501 

50104 

50109 

50307 

50308 

54101 

60104 

60204 

60211 

60417 

60424 

60403 

60512 

61901 

64401 

70119 

90130 

90204 

90227 

!00106 

100111 

100118 

100303 

1 

\ 

Frequency distributions of 24-hour average PM2 ~ concentrations (µg /m') from dichotomous sampler sites (1984-1995) - national ne ork 

City 

1 

n 

1 

Minimum 1 Percentiles 1 Maximum I Arilhmetic 1 SD 

1 10 1 30 1 
50 

1 70 1 
90 

1 mean 

St. John's, Nfld. 39 1.0 3.0 6.0 9.0 11.0 18.0 26.0 9.8 5.7 

Saint John, N.B. 821 0.6 2.5 4.8 7.2 10.0 16.2 53.2 8.5 6.2 

Halifax, N.S . 335 2.8 6.0 10.0 12.0 15.6 25.0 45.5 14.0 7.1 

Halifax, N.S . 273 0.8 4.6 6.0 7.4 9.6 15.1 43.4 9.0 5.5 

Dartmouth, N .S. 83 0.7 3.1 4.5 6.3 7.7 10.9 23.5 6.9 4.0 

Kejimkujik, N.S. 506 0.4 2.0 3.3 4.8 7.3 13.6 46.7 7.0 7.1 

Montréal, Que. 849 1.4 5.3 8.9 12.5 17.8 29.0 69.6 15.2 10.3 

Montréal, Que. 373 0.6 7.4 12.4 17.0 23.0 36.0 89.0 20.2 13.0 

Québec, Que. 267 0.4 4.0 6.9 9.0 13 .0 23.0 49.0 11.5 8.1 

Québec, Que. 40 0.1 3.0 4.5 7.3 9.1 19.l 32.9 9.0 7.2 

Sutton, Que. 136 1.0 2.4 4.1 6.1 9.1 15.6 33.2 7.7 5.5 

Ottawa, Ont. 569 1.2 3.9 6.0 9.0 14.0 24.0 53.8 12.0 8.8 

Windsor, Ont. 367 1.8 6.5 11.0 15.5 21.6 32.2 70.6 17 .9 11.1 

Windsor, Ont. 615 1.8 6.7 10.3 15 .0 19.7 31.2 85.6 17.4 11.3 

Toronto, Ont. 282 1.4 6.4 10.0 14.0 19.0 29.0 71.0 16.4 10.5 

Toronto, Ont. 599 1.3 5.2 8.1 12.6 18.4 30.4 66.4 15.5 10.6 

Toronto, Ont. 96 3.1 5.8 9.5 14.8 20.1 28.0 43.0 15 .9 9.0 

Hamilton, Ont. 329 1.9 5.6 10.4 15 .2 22.2 33.4 74.1 18.1 12.1 

Walpole Island, Ont. 330 20 4.4 8.7 13 .3 21.0 36.6 126.6 17.9 14.8 

Egbert, Ont. 304 0.7 2.6 4.8 7.7 12.6 21.9 47.7 10.5 8.5 

Winnipeg, Man. 567 0.9 4.0 6.3 8.4 1 1.1 17.0 81.0 10. 1 7.4 

Edmonton, Alta. 588 0.4 4.2 6.4 8.7 11.6 21.0 56.3 10.8 7.6 

Calgary, Alta. 145 2.0 6.0 9.0 11.0 15.0 28.0 52.0 14.3 9.8 

Calgary, Alta. 472 1.8 4.0 6.0 8.1 11.0 17.0 42.0 9.8 6.4 

Vancouver, B.C. 109 3.0 7.0 9.0 13.0 18.0 39.0 72.0 17.3 12.6 

Vancouver, B.C. 597 2.1 6.0 9.0 12.0 16.0 24.6 62.0 14 .1 8.8 

Vancouver, B.C. 343 1.3 5.2 8.0 11.0 14.0 24.0 49.0 12.9 8.0 

Victoria, B.C. 508 0.5 3.6 5.7 8.1 12.0 22.0 59.8 10.7 8.0 
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TABLE 7 Combincd summary statistics for 14 urban NAPS sites in operation betwccn 1986 and 19941 (from Brook et al., 1997) 

------ -- - --- -

Ratios Percentiles 

10 50 70 90 95 Max. Mean' 

PM 1jTSP 0.3 0.5 0.6 0.9 1.0 2.404 0.56 

PM,,ITSP 0.1 0.3 0.4 0.5 0.6 1.414 0.3 

PM,./ PM,o 0.3 0.5 0.6 0.7 0.8 1.0 0.51 

PMIO ,./ PM IO 0.26 0.50 0.58 0.71 0.76 1.00 0.49 

FSO/IPM,., 0.0 0.2 0.3 0.4 0.4 0.95 0.2 

' Sample size, n = 2831, is based upon the number of 24-hour periods wllh valtd measurements for TSP, PM,.. PM, , and sulphate. 

' Arithmetic average and arithmetic standard deviation (SD). 

' Geometric mean and geometric standard deviation (SD). 

• Values greater than 1.0 are assumed to arise from instrument error. 

' FSO, corresponds to fine sulphate. 

Statistics 

SD' Geo. meanl 

0.24 0.51 

0.19 0.25 

0. 17 0.48 

0.17 0.46 

0. 11 · 0.17 

Geo. SDJ 

1.52 

1.91 

1.45 

1.51 

1.89 
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particles, where it cornprised on average 
approximately 17% of the fine particulate matter. 
However, there was considerable variation within 
and among sites for these ratios. The relationships 
between TSP, PMiu and PM25 are dependent 
on concentration, with ratios of PMiu and PM11 

to TSP decreasing with increasing TSP 
concentration (i.e., more of the TSP mass is 
composed of very coarse particulate matter) 
(Brook et al., 1997). 

Other data from the NAPS network 
corroborate both the variability in PM2./PM10 

ratios and the overall finding that on average 
across Canada, approximately 50% of PMio is 
made up of fine particles (Figure 2). Based on 
data collected from 1984 to 1993 from 19 sites 
( 16 locales), the median PM2 /PMio ratios for 
most sites fall within a fairly narrow range of 
0.4-0.6; that is, at least half of the time, 40- 60% 
of PMio at a site is composed of fine particles. 
Although there is clearly temporal variability in 
PM2,/PMIO ratios at a site, about 50% of the time 
the ratios do not vary by much more than ± 10%, 
as indicated by the interquartile ranges (25th- 75th 
percentiles) (Brook et al., 1997). 

FIGURE 2 Distributions of the ratio of PM2 5 to 
PM, 0 mass at the NAPS dichotomous 
sampler sites. The box plots indicate 
the median, 5th and 95th and 25th and 
75th percentiles (from Brook et al., 
1997). 
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There are relatively strong correlations 
(r) between PMio and PM25 at each of the 
19 sites, which is consistent with the belief 
that temporal variations in fine particles have a 
significant influence on the observed variability 
in PM,u, At a majority of the sites, the daily 
variability in fine particle mass had a stronger 
influence on the variations in PM, 0 than did the 
daily variability in coarse particle mass. This was 
most evident at the rural locations and at sites not 
heavily impacted by urbanization (i.e., traffic and 
construction). The exceptions to this pattern were 
the Prairie sites, where coarse mass dominated 
PMIO, and a site in Montréal that is heavily 
impacted by traffic (Brook et al., 1997). 

There are two key trends based on 
comparisons ofTSP. PM,0• PM25 and sulphate 
mass distributions at sites across Canada 
(Figure 3). First of all, sites in the three Prairie 
cities of Winnipeg. Calgary and Edmonton have 
large and variable TSP concentrations, but their 
PM2 5 and sulphate concentrations are small 
relative to the other sites and exhibit less 
variability. Much of the airborne particulate 
matter observed in these areas is considered to be 
mechanically denved and likely consists of local 
crustal material. Secondly. there is an obvious 
dccrease in sulphate levels from the sites located 
east of the uppcr Great Lakes to those located 
wcst of the lakes. This pattern has been repeatedly 
observed and is a direct reflection of the 
magnitude and spatial density of sulphur dioxide 
emissions within and upwind of these two areas 
(Brook et al., 1997). 

2.3.3 Indoor and persona! air 

The vast majority of particulate monitoring 
data are available for ambient air. However, 
North Amencans spend, on average, less than 
10% oftheir time outdoors (U.S. EPA, 1995; 
Leech et al., 1996). In addition, individuals can 
spend time in a number of microenvironments 
that differ in their particulate matter concentra­
tions during the course of a day. Consequently, 
indoor air and persona! air levels of airbome 
particles have been examined in a number 
of studies. 
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FIGURE 3 Comparison of the distributions ofTSP. PM, 0, PMu and sulphate at 11 urban sites 
(1984-1993). The box plots indicate the median, 5th and 95th and 25th and 75th percentiles 
(from Brook et al., 1997). 
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2.3.3.1 Indoor air 

Levcls of particulate matter in indoor air are a 
fonction of indoor sources, outdoor particle levels, 
the fraction of ambient air penetrating indoors, 
filtration, air exchange rates, decay rates and 
resuspension rates (U.S. EPA, 1982, 1996; 
Clayton et al., 1993; Wallace et al., 1993; 
Thatcher and Layton, 1995). Fine particles readily 
penetrate buildings; penetration factors of0.6-1 
have been reported for PM2 s, with the coarser 
fraction (PM,0---25) probably penetrating less 
effectively (Dockery and Spengler, 1981; Yocom, 
1982; Lioy et al. , 1990; Colome et al., 1992; 
Koutrakis et al., 1992; Ôzkaynak et al., 1993; 
Thatcher and Layton, 1995; U.S. EPA, 1996). 
Once indoors, ambient particles settle out quickly 

by gravity or electrostatic forces. Average decay 
rates, due to diffusion or sedimentation, were 
calculated as part of the Particle Total Exposure 
Assessment Mcthodology (pTEAM) study 
(Ôzkaynak et al., 1993) for sulphate (0.16 per 
hour), PM!s (0.39 ± 0.1 6 per hour), PM,0 

(0.65 ± 0.28 per hour) and the coarse fraction , 
PM,o-2.s ( 1.01 ± 0.43 per hour). Particles of size 
range 0.1- 1 µm have negligible setting velocities, 
while particles >10 µm normally settle out of the 
air. Once deposited, particles greater than 5 µm 
are easily resuspended during indoor activities 
of occupants, white smaller particles ( <l µm) are 
"not" resuspended, and particles 1- 5 µm in size 
can be resuspended with vigorous activity 
(Thatcher and Layton, 1995). 

... ~-~ 
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In three large-scale studies conducted in 
the United States - the Harvard Air Pollution 
Health Effects Study (also called the Six Cities 
Study), the New York State Energy Research and 
Development Authority (ERDA) Study, and the 
pTEAM study - the range of mean values for 
PM2 , or PM, 5 in various cities across the country 
was 20-47 µg/m' in indoor air, compared with 
13-50 µg/ml in outdoor air (Dockery and 
Spengler, 1981a; Sexton et al., 1984; Spengler 
et al., 1985; Sheldon et al., 1989; Pellizzari et al .. 
1992). Concentrations in indoor air generally 
exceeded those outdoors at sites with low omdoor 
levels and were slightly less at sites with high 
outdoor concentrations (Wallace, 1996). Levels in 
indoor air were, however, within a factor of two 
of those outdoors in ail of the available studies. 

Source contributions to levels of 
respirable particles in indoor air were estimated 
from the pTEAM results using elemental analyses 
and a non-linear method of solving a mass 
balance mode!. Averaged over 244 homes 
containing no known indoor sources, outdoor 
sources accounted for 75% of indoor PM2., and 
65% of PM, 0• In homes where there was tobacco 
smoking or cooking (the two main identified 
indoor sources of particles), each accounted for 
approximately 20-30% of the indoor particle 
concentrations on average; however, outdoor air 
still remained the largest source of indoor PM,0 

or PM2 ,, accounting for approximately 60% of 
mdoor air levels (Ôzkaynak et al., 1993, 1995a). 
Source apportionment analyses from the Harvard 
Six Cities and ERDA studies confirmed the 
importance of outdoor air and (in homes with 
smokers) tobacco smoking as sources of indoor 
particles (Santanam et al., 1990; Koutrakis et al., 
1992). In Canada, where building construction 
emphasizes energy efficiency and, therefore, low 
air exchange rates, the fractions of fine and coarse 
particles of ambient origin that are found indoors 
under equilibrium should tend towards 50% or 
less, particularly in winter. 

2.3.3.2 Persona! air 

Persona! exposures to airbome particles have 
been measured in a small number of studies. 
In non-smoking households, mean levels of 
PM2 s, PM3 s or PM 10 in persona! air were roughly 
1.5-2.5 times higher than particle concentrations 
in indoor air (Spengler et al., 1985; Lioy et al., 
1990; Ôzkaynak et al., 1993; Neas et al., 1994; 
Thatcher and Layton, 1994; Wallace, 1996). 
The source of the difference between persona! 
exposures and indoor concentrations, the 
"persona! cloud," has not yet been determined. 
However, most of the excess persona! exposure 
is likely due to generation or re-entrainrnent of 
particles during persona! activities. ln the pTEAM 
study, the increment in persona! exposure levels 
over the corresponding concentrations of partiel es 
in indoor air was restricted to daytime monitoring, 
whereas levels were similar at night, when 
subjects were less active. In addition, persona! 
exposure levels were sigmficantly greater in 
subjects who were engaged in activities such as 
cooking, cleaning the bouse and smoking during 
the monitoring period (Pellizzari et al., 1992). 
The "persona! cloud" may be made up mostly of 
coarse particles (PM,0-2 ,) (Bahadori er al., 1995), 
which is consistent with the evidence that coarse 
particles are more easily resuspended than fine 
particles (Thatcher and Layton, 1995). 

Correlations between ambient particulate 
matter data obtained from fixed ambient monitors 
(FAMs) and persona! exposure data obtained from 
persona! exposure monitors have been examined 
in a number of studies. Most of these reveal poor 
correlations for data collected at one point in 
time, particularly during the day, and indicate, 
not surprisingly, that persona! exposures are 
usually greater than indoor or outdoor ambient 
concentrations. When persona! exposure is 
longitudinally regressed against levels at the 
nearest outdoor site, the correlations improve 
(Lioy et al., 1990; Wallace, 1996). The 
irnprovernent in correlation coefficients suggests 
that, for individuals who are not exposed to 
important rnicroenvironrnental sources of particles 
( e.g., smoking) and whose day-to-day activities 
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are fa1rly repetitive, ambient levels of particles 
may more directly reflect their exposure to 
particles. The correlation also increases when 
the mean of the persona! exposures from various 
studies is related to the FAM (Mage and Buckley, 
1995). Thus, ambient fine particles measured at 
the FAM can serve as an indicator of community 
(population) exposure. 

Persona! and population exposure models 
have been developed that combine ambient 
measurements of pollutants with information 
on age-specific time-activity relationships and 
estimates of microenvironmental pollutant 
concentrations. A probabilistic PMrn exposure 
mode! was applied to Canadian ambient PMio 
measurements, demographics and smoking 
prevalences by region to produce estimated 
distributions of 24-hour average persona!, indoor, 
outdoor and in-transit PM,,, concentrations 
(Ôzkaynak et al., 1995b ). The mode! reproduced 
the empirical findings that persona! exposures 
to PM'" are substantially greater than ambient 
concentrations at FAMs (the predicted mean 
persona! air concentration was 39 µg/m3, 
compared with an average of 28 µg/m' measured 
at the ambient sites used as input to the mode!), 
and that persona! exposures were quite variable 
( e.g .. the 95th percentile, at 93 µg /m', was nearly 
2.5 times greater than the mean). 

2.4 Effects characterization 

2. 4.1 Hu mans 

2.4.1.1 Controlled human exposure studies 

Almost ail of the human clinical studies have 
been based on observations of pulmonary fonction 
changes and reports of subjective symptoms. Ail 
of the exposures were conducted for very short 
periods of time (i .e., most of them between 40 
and 120 minutes) . Controlled human exposures 
to acidic and inert particles have not caused 
significant alterations in respiratory fonction 
and symptoms in healthy individuals, even at 
levels higher than those in the environment 

(450- 1000 µg/m 3
) (Utell et al., 1983a, 1984). 

The clinical studies have identified asthmatics 
as a susceptible population for acidic aerosols 
(Utell et al., 1983b ), but not persons with chronic 
obstructive pulmonary disease (COPD) (Morrow 
et al., 1994) or the elderly (Koenig et al., 1992, 
1993; Morrow et al., 1994). In controlled studies, 
asthmatics, especially children and adolescents, 
have experienced adverse effects on airway 
fonction at concentrations encountered on 
occasion in ambient air ( exposure to sulphuric 
acid at -35 µg/m3 for 40 minutes) (Koenig et al., 
1989, 1992; Hanley et al., 1992). 

Few data are available on particle-induced 
airway inflammatory responses in humans. In one 
study (Frampton et al., 1992), brief exposures to 
sulphuric acid aerosols at 1000 µg /m' had only 
mînor effects on the airway defence system in 
hcalthy subjects - i.e., increased antibody­
mediated cytotoxicity of alvcolar macrophages, a 
trend (not statistically significant) to a decreased 
percentage ofT lymphocytes in bronchoalveolar 
lavage flu1d, and no effects on the number of 
polymorphonuclcar leukocytes in the 
bronchoalveolar lavage fluid or on the release of 
superoxide anion or inactivation of influenza virus 
in vitro when compared with sodium chloride. 

No data on changes to the cardiovascular 
system in controlled human studies were identified. 

There has been very little work 
comparing the effects of different particlc sizes 
on human health. ln a panel study, Peters et al. 
( 1997) reported that symptoms ( cough) and 
decrements of peak expiratory flow in asthmatic 
subjects (n = 27) were more strongly associated 
with the five-day mean of the number or mass of 
ultrafine particles (MMAD 0.01-0.l µm) than 
with other discrete fractions of the fine particles 
(MMAD 0.1- 0.5, 0.5- 2.5 or 0.1- 2.5 µm) . 

The particles to which volunteers were 
exposed in the human clinical studies do not 
adequately reflect the comp!exity of ambient 
particles. Based on the extremely !imited clinicat 
database available, acidic aerosols produce the most 
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significant bronchoconstriction, white the toxicity 
of sulphate is related to acidity perse (Utell et al., 
1983b, 1989). Nitrates did not exert effects on lung 
function at concentrations below 1000 µg/m3 in 
clinicat studies (U.S. EPA, 1989; Aris et al., 1993), 
white inert particles appear to have no effect on 
lung function in either healthy or asthmatic 
volunteers (Anderson et al., 1992). In one study 
(Sandstrom and Rude Il, 1991 ), very fine particle 
diesel exhaust (3 x 106 particles/cm3

) affected 
neutrophil production and macrophage clearance 
of microorganisms from the lung. but exposure 
to forrnaldehyde and other combustion gases 
(mtrogen dioxide, nitric oxide and carbon monoxide 
[CO]) was also elevated, which might confound 
any effects from particulate matter. 

Few clinicat studies have been conducted 
to investigate the effects of air pollutant mixtures 
on humans. Pre-exposure of normal and asthmatic 
adults to sulphuric acid aerosol potentiated 
reductions in lung fonction and increases in 
airway resistance induced by exposure to ozone 
(03) in the asthmatic group only (Frampton et al., 
1995). Respiratory symptoms were increased in 
healthy and asthmatic children by a mixture of 
sulphuric acid, ozone and sulphur dioxide (Linn 
et al., 1997). Concurrent exposure to ozone 
and sulphuric acid at concentrations typically 
observed in air pollution episodes produced no 
changes in lung function or symptoms greater 
than those associated with ozone alone in normal 
or asthmatic adults and children (Linn et al., 
1994, 1995). 

It should be noted that decrements in 
pulmonary function measured in most clinicat 
studies may not be a sensitive indicator for 
particle-induced lung injury. Relatively high 
levels of acidic aerosols produce only small 
decrements in lung function, even in susceptible 
subpopulations. Moreover, if reductions in 
pulmonary function serve to protect the lungs 
from receiving further insults in the deep airways, 
failure of certain subjects (such as COPD 
patients) to respond to particles in this manner 
might render them more vulnerable to pulmonary 
injury. 

2.4.1.2 Epidemiological studies 

That high levels of ambient particulate matter 
from combustion sources could have severe 
adverse effects on health was noted in the air 
pollution episodes of the 1940s to 1960s. Indeed, 
one such episode in London, England, in 1952 
was responsible for several thousand premature 
deaths within a week. However, until the 
publication of new studies beginning in the early 
1990s, there were no data to suggest that 
reiatively low concentrations of particulate matter, 
as currently experienced in urban areas of North 
America and Western Europe, had effects on 
human health. 

Many of these recent studies on air 
pollution, including ail the mortality and 
hosp1talization studies, have been based on the 
t1me-series analysis of associations between daily 
variations in ambient concentrations and daily 
variations in adverse health outcomes, with data 
obtaincd frorn large administrative databases. In 
this longitudinal type of study, confounding due 
to population differences is much Jess likely than 
in a cross-sectional analysis, since the population 
remains the same over a short time (typically 
one or a fcw days) and acts as its own "control." 
However, the potential for confounding by 
seasonal variations and weather remains a 
problem in the time-series analysis, and much 
recent effort has been directed to addressing this, 
with considerable success. A major advantage of 
the time-series study is that it usually provides 
many more units of observation (typically 
1000 days and 10 000 adverse effects) than the 
cross-sectional study (2-150 communities), and 
thus its power to detect effects of low magnitude 
is usually greater than that of even the most 
sensitive cross-sectional study. While time-series 
studies do not provide information on exposures 
at the individual level (i.e., they are considered 
to be "ecological" with respect to their exposure 
component), they can provide important evidence 
for the assessment of relationships between levels 
of air pollution and health at a community level. 
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Severa! cohort studies, in which the 
effects of Ionger-term exposures to particulate 
matter were examined and where potentially 
confounding risk factors were taken into account 
in the analysis, have also been completed. 
However, exposure remained on a community 
basis in the available studies, which Iimits the 
inferences to be drawn from these studies to 
groups of individuals with a given set of measured 
nsk factors. 

Studies on adverse effects other than 
premature mortality and hospitalizations, such as 
effects on Jung function, have been completed 
using a variety of methods. 

:!.4.1.2.1 Acute effects: mortality 

Nineteen time-series studies in which the 
relationship of daily or short-term variations in 
particulate matter with mortality was investigated 
are summarized in Table 8. The stud1es were 
conducted in cities across North and South 
America and Europe, and almost ail of them 
demonstrated associations between particulate 
air pollution and acute mortality. The associations 
of mortality w1th particulate mattcr could not be 
explained by the influence of weather, season, 
yearly trends , day-to-day variations or variations 
due to holidays, ep1demics or other non-pollutant 
factors, since ail the studies investigated these 
potential biases and adjusted for them in various 
ways in the analyses. 

For 21 out of 23 cities, the observed 
increases in relative risk (RR) in relation to 
elevated PM 00 concentrations were statistically 
significant or close to significance, as measured 
by the 95% confidence interval (Cl). The 
exceptions were Salt Lake County, Utah (Styer 
et al., 1995) and Kingston-Harriman, Tennessee 
(Dockery et al., 1992). Negat1ve results in 

. the latter were explicable on the basis of a 
combination of poor exposure assessment and 
inaccurate methodology (Dockery et al., 1992). 
The negative results for Salt Lake County (Styer 
et al., 1995) are not easily explained exceptas a 

Jack of statistical power to detect an effect due 
to small population and possibly also due to 
overcompensation for weather and seasonal 
factors in the method used to analyse the results. 

For PM w at ambient concentrations 
averaging 18- 115 µg/m3 (from 23 reported 
cities), a 100 µg/m' increase was associated 
with a mean (unweighted) RR of mortality from 
ail causes except accidents of 1.082 ± 0.056 
[mean ± standard deviation (SD)] and a median 
of 1.08 (Table 8). The results indicate that each 
10 µg/m3 of daily increase in PM 10 is associated 
with an unweighted and weighted mean increase 
m daily mortality of 0.8% and 0.5%, respectively. 
The weighted RRs were calculated based on the 
standard deviation of each study; RRs with 
smaller standard deviations were we1ghted more 
heavily than those with large standard deviations 
( see Schwartz, l 994e, for detailed method of 
weightmg). 

For Black Smoke (a finer particle, 
approximately PM5) with average concentrations 
of 12- 84 ~Lg/m' in six locations, the observed 
incrcasc in RR with increasing Black Smoke 
concentration was statistically significant in ail 
but one of the six cities (Paris, France), where 
lt was marginal (Dab et al., 1996). Across ail 
studies, the unweighted mean RR for mortality 
was l .096 ± 0.050 (mean ± SD), with a median 
at 1.08, for a 100 µg/m3 increase. This indicates 
that a 10 µg/m' increase in Black Smoke is 
associated with a daily increase in mortality of 
approximately l % on average, with the median 
being 0.8%. 

For the fine fraction of particles (PM2 5), 

at concentrations averaging 11.2- 21 µg/m3, RRs 
for mortality and PM25 were increased in ail nine 
cities, although the increase was marginally 
significant m three cities (St. Louis, Missouri, 
in Dockery et al., 1992; Steubenville, Ohio, 
and Portage, Wisconsin, in Schwartz et al., 1996) 
and was not significant in two cities (Kingston­
Harriman, Tennessee, in Dockery et al., 1992; 
Topeka, Kansas, in Schwartz et al., 1996). The 
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PM 11 

St. Louis, Missouri, USA (Dockery et al., 1992) 

Kingston-Harriman, Tennessee, USA (Dockery et al., 1992) 

Utah Valley, Utah, USA (Pope et al., 1992) 

Philadelphia, Pennsylvania, USA (Dockery et al., 1996b) 

Birmingham, Alabama, USA (Schwartz, 1993) 

28; max. 97 

30; max. 67 

47; 1-365 

not given 

48; 21-80, max. 163 

Toronto, Ontario, Canada (Ôzkaynak et al., 1995c) 40; range not given in tex! 

Los Angeles, Califomia, USA (Kinney et al., 1995) 58; 15-177 

Chicago (Cook County), Illinois, USA (Styer et al., 1995) 38 (mcdian); 28-51 (IQR) 

Chicago (Cook County), Illinois, USA ( Ho and Thurston, 1996) 41 ± 19 

Utah Valley, Utah, USA (Lyon et al., 1995) 

Salt Lake Counly, Utah, USA (Stycr et al., 1995) 

Six Cities Study (USA) (combincd) 

- St. Louis, Missouri 

- Kingston-Harriman, Tennessee 

- Boston, Massachusetts 

- Steubenville, Ohio 

- Topeka, Kansas 

- Portage, Wisconsin 

(Schwartz et al., 1996) 

Sao Paulo, Brazil (Saldiva et al., 1995) 

Santiago, Chile (Ostro et al., 1996) 

Paris, France (Dab et al., 1996) 

Lyon, France (Zmirou et al., 1996) 

Athens, Greece (Touloumi et al., 1996) 

47; 1- 365 

48; 9- 194 

25; 8-68 
30.6 :1. 16.2 (mcan ± SD) 

32.0 ± 14.5 

24.5 ± 12.8 

45 .6 ± 32.3 

26.7 ± 16. 1 

17.8±11.7 

82 ±39 

115; 32-367 

51; 19-137 (PM") 
38;5-98 

78; 8-300 

RR (100 µg/m' increase) 
(95% Cl) 

1.16 (1.01-1.30) 

1.17 (0.88-1.50) 

1.16 (l.10-1.22) 

1.12 (0.99-?; upper 
CL not given) (p = 0.06) 

1.11 ( 1.02-1.20) 

1.07 ( 1.05-1.09) 

1.05 (l.00-1.11) 

1.055 ( 1.01-1.10) (2:65 years) 

1.05 ( 1.03-1.08) 

1-04 (0.98- 1.10) 

1.008 (-0.8-1.08) (~65 ycars) 

1.08 ( 1.05-1.11) 

1.06 ( 1.01-1.10) 

1.09 (1.01-1.18) 

1.12 (l.0'7-1.17) 

1.09 (1.01-1.16) 

0.95 (0.80-1 .09) 

1.08 (0.96-1.17) 

1.13 ( 1.07-1.19) (2:65 years) 

1.07 (0.99-1 . 11) (OLS, 

summer), 1.08 (1.06-1.12) 

(Poisson, ail year) 

1.17 (I.04-1.31) 

1.02 (0 94-1.10) total deaths 
- accidents, 1.04 ( 1.02- 1.09) 
respiratory deaths 

[1.063 (1.033-1.09) -
estimate from BS] 

Î 

0 
RR + other pollutant in mode! (95% CI 

with other pollutants in mode!) 

1.12 (0.96-1.15) (+ 0,) (U.S. EPA, 1996) 

1.17 (0.88-1.52) (+ 0 1) (U.S. EPA, 1996) 

l.l 4 ( 1.04-1.24) ( + 0 1) (Pope and 
Kalkstein, 1996) 

1.05 (1.03-1.07) (+ "other pollutants") 
(Thurston, 1996) 

1.05 (l.OO~l.11) (+ 0 3) 

1.04 (0.98-1.09) (+ CO) 

1.04 (1.01-1.07) (+ o.> 

l.!3 (1.03-1.23) (+ 0 1, SO,, N02, CO) 

1.06 ( 1.00-1.09) (+ 0 1, OLS, summer) 

1.04 (1.01-1.08) (+ SO,, Poisson, ail year) 

1.07 (1.03- 1.l l) (+ NO,, Poisson, ail year) 

RR for PM, not given with S02 

[ 1.03 ( 1.01 - 1.06) (SO, < 100) - estima te 
from BS] 
[1 .02 (0.97- 1.07) (S02 > 100) - estimate 

from BSJ 
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TABLE 8 ( continued) 

Location and rcferences 

Amsterdam, Netherlands (Verhocff et al. , 1996) 
î PM concentration (µg/m') 

(mcan; range) 

38; max. 163 
î RR (100 µg/m' increasc) f 

(95% Cl) i 
1.06 (0.99- 1.14) 

RR + other pollutant in modcl (95% Cl 
with other pollutants in mode!) 

1.03 (0.94-1.13) (+ O.) 

1.02 (0.93- 1.13) (+ SO,) 

1.10 (1.01 - 1.20) (+ CO) 

Unweighted RR: PM alone (n = 23) mean 1.082 ± 0.056 (95% CI 0.80-1.50), median 1.08; bivariate analysis, PM+ other gases (n = 16): mean 1.069 ± 0.047; median 1.05 

Black Smoke 

Amsterdam, Netherlands (Vcrhoeff et al. , 1996) 

London, U.K. (Anderson et al., 1996) 

Barcelona, Spain (Sunyer et al. , 1996) 

Valencia, Spain (Ballester et al., 1996) 

Paris, France (Dab et al., 1996) 

Athens, Greece (Touloumi et al., 1996) 

12; max. 81 

15; 8- 23 ; 10th-90th % 

50, 35; winter, summer 

68 ± 29 

32; 11- 123; 5th- 95 th % 

84; 9- 333 

1.19 (1.02- 1.38) 

1. 11 ( 1.05- 1.17) 

1.07 ( 1.03- 1.11) 

1.09 (1.03- 1.15) 

1.07 (0.98-1.18) 

1.05 ( 1.03-1.08) 

1.18 (1.01- 1.37) (+ O,) 

1.27 (1.07-1.49) (+ SO,) 

1.20 (1.01 - 1.44) (+ CO) 

1.19 (1.11- 1.27) (+ 0 1) 

1.03 (l.01 - 1.06) (SO, < 100) 

1.02 (0.97- 1.08) (SO, > 100) 

Unweighted RR: PM alone (n = 6) mean 1.096 ± 0.050 (95% CI 0.98-1.38), median 1.08 (95% CI 1.03- 1.16) 

PM,.s 

St. Louis, Missouri, USA (Dockery et al .• 1992) 

Kingston-Harriman, Tennessee, USA (Dockery et al., 1992) 

Philadelphia, Pennsylvania, USA (Dockery et al., 1996b) 

Six Cities Study (USA) (combined) 

- St. Louis, Missouri 

- Kingston-Harriman, Tennessee 
0 Boston, Massachusetts 

- Steubenville, Ohio 

- Topeka, Kansas 

- Portage, Wisconsin 

(Schwartz et al., 1996) 

17.7; max. 75 

21 ; max. 58 

no! given 

14.7; 4.3-43 1 (IQR 14.0) 

18.7 ± 10.5 

20.8 ± 9.6 

15.7 ± 9.2 

29.6 ± 21.9 

12.2 ± 7.4 

11.2 ± 7.8 

1.19 (p = 0.075) (95% Cl not given) 

1.17 (p = 0.28) (95% Cl no! given) 

1.20 (1.04-1.35) 

1.15 ( l.11-l.l9) 

1.11 (1.04-1.17) 

1.14 ( 1.02-1.26) 

1.22 ( 1.15- 1.29) 

1.10 (0.99- 1.21) 

1.08 (0.80-1.36) 

1.12 (0.97-1.28) 

RR for PM + 0, no! stated (both independent) 

"same" (+ CP or PM10_,,) 

CP: RR = 1.24 (1.05- 1.43); correlation = 0.69 

Unweighted RR (6 individual cities + 3 cities) mean 1_.148 ± 0.049; median 1.14 (95% Cl 0.80-1.36) 

-
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Location and rcfcrenccs 

Sulphate 

St. Louis, Missouri, USA (Dockery et al., 1992) 

K.ingston-Harriman, Tennessee, USA (Dockery et al., 1992) 

Six Cities Study, USA (combined) (Schwartz et al., 1996) 

î PM concentration (µg/ml) î 
(mean; range) 

8.0; max. 38 

8.7; max.. 27 

5.8; 1.5-22.3 

RR (100 µg/ml increase} 
(95% CI) 

weak positive, not significant 

not signi ticant 

1.22; 1.13-1.33 

Unwcighted RR: Too few data points for comparison 

î RR + other pollutant in mode) (95% Cl 
with other pollutants in model) 

SO, RR strong (t = 4.66) but Jess than PM,, 
(1=7.41) 

Abbreviations: BS = Black Smoke; Cl= confidence interval; CL= confidence limit; CP= coarse particle; IQR = interquartile range; OLS= Ordinary Least Squares regression; 

PM = particulate matter; RR = relative risk; SD = standard deviation. 
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weak or negative results from St. Louis and 
Kingston-Harriman were considered likely due 
to the poor placement of monitors and generally 
less developed methodology in this relatively 
early study (Dockery et al., 1992 ). In Portage 
and Topeka, PM1 5 concentrations were very low 
and the population was small, which resulted 
in relatively few "events" and Jack of statistical 
power. The marginal increase m RR in 
Steubenville was considered to be due to a high 
correlation w1th coarse particulate (see below) 
(Schwartz et al., 1996). Across ail studies, the 
unweighted RRs were also elevated, with a 
mean ± SD of 1.15 ± 0.05 (n = 9) and a median 
of 1.14, for a 100 µg/m3 increase. The results 
indicate an average increase in daily mortality 
of 1.5% (unweighted) for each 10 µg/m3 daily 
increase in PM2 5• No quantitative results have 
been reported for multivariate analyses of 
weightcd data, except the combined (weighted) 
RR of 1.15 (95% CI l.l l- 1.19) for the Six Cities 
Study (Schwartz er al., 1996). The mcrease m 
PM15-related risk of mortality 1s thus about twice 
that for PM,0• 

The relationshtp between sulphate 
concentrations and mortality was investigated in 
only two studies (Dockery et al., 1992; Schwartz 
et al., 1996). In only one study (Schwartz et al., 
1996) was there a significant association, with a 
mean RR of 1.22 for six cities combined (95% 
CI l.13- 1.33) for a 100 µg/m' increase, which 
can be mterpreted as an average 2.2% increase 
in mortality per 10 µg/m3 increase in sulphate. 
There was no association of mortality with 
sulphate concentrations in two other cities 
(Dockery et al., 1992), although, as noted above, 
the negative results in these cities (St. Louis, 
Missouri, and Kingston-Harriman, Tennessee) 
may have been due to poor placement of monitors 
and limitations in the methodology in this early 
study. 

The coarse fraction of PM, 0 above 2.5 µm 
in diameter was not associated with mortality 
in the overall analysis of six U.S. cities (0.4% 
increase in mortality; 95% CI 0.01- 1.0%) or in 
five individual cities (Schwartz et al., 1996). In 

the sixth city (Steubenville, Ohio), the positive 
association was explained by the high correlation 
coefficient between coarse partiel es and PM2 s 

(r = 0.7), which resulted in attribution of the 
increased risk of mortality to the coarse fraction 
instead of to PM2 5• 

There is no clear evidence of a level 
of particulate matter that is without effect on 
mortality; instead, analyses suggest some 
increase at even the lowest ambient levels studied. 
The RR of mortality was observed to increase 
monotonically with increasing concentration 
of PM,0 in the concentration range below 
80-100 µg/m\ in both non-parametric analyses 
(Schwartz, 1993; Ostro et al., 1996; Pope and 
Kalkstein, 1996) and quartile or quintile analyses 
(Pope et al., 1992; Schwartz, 1993; Saldiva et al., 
1995 ). The quintile results for St. Louis, Missouri, 
and Kingston-Hamman, Tennessee (Dockery 
et al., 1992) were also roughly monotonie when 
analysed together, but not separately, due to 
relat1vely poor information on exposure and 
(in Tennessee) to a small study population. 
A curvilinear response was observed in Santiago, 
Chile, with high slope at low PM,0 concentrations 
and levelling off at concentrations above 
100 µg/m3 (Ostro et al., 1996). There is also an 
apparent curvilinear response in the Birmingham, 
Alabama, data at PM,0 concentrations 
approximately above 50 µg/m3 (Schwartz, 1993 ). 
The qumtile analysis of Utah Valley data by Lyon 
et al. ( 1995) indicated no effects at the mean 
concentration of 47 µg/m'; however, discrepancies 
were evident in the quintile means, and caution 
was indicated in interpretation of these data. 

A number of investigators examined the 
specificity of effect for the causes of mortality. 
In six out of nine studies, there was a moderate 
to strong elevation of mortality from respiratory 
disease when compared with death from ail 
causes (Schwartz, 1993; Ostro et al., 1996; 
Schwartz et al., 1996; Sunyer et al., 1996; Zmirou 
et al., 1996). In three studies (Lyon et al., 1995; 
Anderson et al., 1996; Ballester et al., 1996), 
there was a lower RR for respiratory compared 
with total mortality. In the Six Cities Study 

'. 
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(Schwartz et al., 1996), RRs for both COPD and 
pneumonia mortality were higher than for total 
mortality. Compared with total mortality, the RR 
for COPD was almost doubled, white the RR 
for pneumonia was 2. 7 times the RR for total 
mortality for a l O µg/m 3 increase in PM2.5 , which 
suggests an increased risk for people with pre­
existing respiratory diseases. 

The association between particulate 
matter and cardiovascular disease (CVD) was also 
examined in time-series analyses of mortality. In 
seven out of nine studies, there was a modestly 
(13-33%) (Ballester et al., 1996; Schwartz et al., 
1996; Sunyer et al., 1996) to substantially (up 
to 300%) (Schwartz, 1993; Lyon et al., 1995) 
higher RR for CVD than for total mortality. 
Nevertheless, the association with CVD was often 
of lesser magnitude than the association with 
respirarory disease. 

Elderly people have been suggested to 
be at increased risk from exposure to particu\ate 
matter (Schwartz, 1993, 1994d; Lipfert, 1994 ), 
but, overall, there is only a modest increase in 
RR for the elderly compared with the whole 
population. 

Because of the strong intcrcorrelations 
often demonstrated between co-pollutants, such 
as particulate mattcr. sulphur dioxide, nitrogen 
dioxide, carbon monoxide and ozone, it has been 
difficult to attribute effects of air pollution to any 
single one of these agents to the exclusion of 
others. Overall, particulate matter retained its 
association with acute mortality in analyses that 
adjusted for other pollutants, although the RRs for 
particulate matter were slightly reduced during 
bivariate analyses (Dockery et al., 1992; Kinney 
et al., 1995; Saldiva et al., 1995; Ito and 
Thurston, 1996; Ostro et al., 1996; Pope and 
Kalkstein. 1996; Touloumi et al., 1996; Verhoeff 
et al., 1996; Zmirou et al., 1996) and in one 
multivariate analysis for Toronto (Ôzkaynak et al., 
1995c). The relative risk for mortality and PM 10 

in nine bivariate analyses (unweighted) was 
1.07 ± 0.05 (mean ± SD), with a median of 
1.05 (Table 8). 

In ail of the analyses that examined 
one or more air pollutants together in the same 
mode! with particulate matter, the association 
of particulate matter with daily mortality was 
remarkably robust. This was the case for ail four 
of the normally considered gaseous pollutants -
sulphur dioxide, nitrogen dioxide, carbon 
monoxide and ozone. Moreover, in most 
locations, the magnitude of the particulate matter 
association was greater than for any of the other 
air pollutants considered, the exceptions being 
ozone in London, U.K. (Anderson et al., 1996) 
and sulphur d1oxide in Lyon, France (Zmirou 
et al., 1996) and Barcelona, Spain (Sunyer et al., 
1996). The magnitude, robustness and consistency 
of this association across so many locations with 
differing air pollutant mixtures indicate that 
particulate matter, especially PM 10 and PMu, is 
the best indicator of the effects of air pollution on 
mortality, possibly acting together with other air 
pollutants. 

2.4.1.2.2 Acute effects: hospitalizations and 
emergency department visits 

A summary of the findings for parti cul a te matter 
from the time-series analyses of hospitalizations 
for cardiorespiratory disease is presented in 
Table 9. 

In ail of the 16 studies using univariate 
analyses, there were significant associations with 
PMio after adjustment for potential confounders 
and covariates, at concentrations averaging 
25-55 µg/m'. Each 10 µg/m) increase in PMio was 
associated with elevated respiratory and/or cardiac 
hospitalizations or emergency department visits, 
ranging between 0.35% and 7.3%, with a median 
of 1.7%. 

Studies varied in quality. There were 
methodological limitations in handling of 
potential confounders and covariates in the 
majority of the older studies ( 1994 and earlier). 
In the most reliable studies, results for larger 
cities over a period of several to many years 
were reported, thereby increasing the number 
of data points and the statistical power to detect 
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TABLE 9 Summary of results of time-series studies of hospital admissions and emergency department visits in relation to particulate matter 

Location and references 

PM,. 
Utah Valley 
Cache Valley 

Salt Lake Valley 

(Pope et al., 1991) 

Seattle, Washington 

(Schwartz et al., 1993) 

Birmingham, Alabama 
(Schwartz, 1994a) 

Detroit, Michigan 
(Schwartz, 1994b) 

Detroit, Michigan 
(Schwartz and Morris, 1995) 

PM concentration (µg/m') 
(mean; range) 

53 
55 
<40 

[3 locations (max. 365)) 

29.6; 6-103 

45 ( 19, 77 ; 10th, 90th %) 

48 t22, 90; 10th, 90th %) 

48 (22, 90; 10th, 90th %) 

Endpoints 

Rcspiratory, ail ages 
(total 4144 admissions) 

- pneumoma 
- bronchitis 

- asthma 

ED vis1ts, all ages 

- asthma (7.1/day) 

(? 65 years) 
- pneumonia (5.9/day) 
- COPD (2.2/day) 

(<::65 ycars) 
- pneumonia ( 15.7/day) 

- COPD (5 .8/day) 

cardiovascular, <::65 years 
- ischemic heart disease 

(44/day) 
- congestive hcart failure 
(27/day) 

% increase of effects per 10 µg/m' (95% CI) 

Rates doubled in Utah Valley compared 
with Salt Lake or Cache Valley when steel mil! 

open or when PM ,11 > 50 

1.7% 
4.0% 
1 .4% (not signiticant) 

3.7% (1.2--6.4%) (< 65 years) (not signiticant, 

<::65 years) 

1.9% (0 7-3.2%) 
2.7% (0 8- 5 0%) 

1.2% (0.4- l.9%) (-+ Üi) 

2.0% (0.9- 3.2%) (+ O,) 

0.56% (0.2- 1.0%) 

1 .00% (0.38-1 .62%) 

Other pollutants considercd 

No other pollutants considered 
(SO, was low, near detection limit) 

SO,, 0 1 not signiticant (RR = 0.99 for 

S02, RR = 0.97 for 0 1); extinction 

coefficient also associated, RR = 1.11 
(1.04-1.18); main source of PM was 
wood smoke 

0, (24-hour) pneumonia RR = 1.14 
(0.94-1.38); O, (1-hour) COPD RR = 
1.07 (0.96-1.20); no bivariate regression 
(PM,.-D, correlation = 0.29) 

0 1 (24-hour) positive; pneumonia 

RR = 1.052, COPD RR = 1 .054 (per 

20 µg/m 1
); bivariate regression did not 

alter coefficients for PM, 0 or O., i.e., 
both independently associated 
(PM, 0--0, correlation = 0.35) 

Congestive heart failure: PM10 

RR 0.75% (0.13-1.4%) + CO; 0, not 

significant; CO RR = 1.022 (1.01-1.03) 
but not significant in bivariate 
regression; S02 RR = 1.014 

( 1.003- 1.026 for IQR) but not 
significant + PM10 (i .e., CO, SO, not 

independent of PM,0) 

lschemic heart disease: PM,0 RR 0.5% 

(0.06-0.93%) 
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Minneapolis, Minnesota 
(Schwartz, 1994c) 
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'1' 
Cl) 

t"' 
> 
fi> 
fi> 
rTl 

!:l ,.. 
;;; 
:z -; 

::ti 
rTl .,, 
0 
~ 
1 

~ 
fi> .,, 
~ 
= r 
rTl 

~ 
~ 
ri 
C: 
r 
~ 
rTl 

~ 

~ 
rTl ,., 

New Haven, Connecticut 
(Schwartz, 1995) 

Tacoma, Washington 
(Schwartz, 1995) 

Spokane, Washington 
(Schwartz, 1996) 

Anchorage, Alaska 
(Gordian et al., 1996) 

East Washington State 
(Heffiin et al., 1994) 

Toronto, Ontario 
(Thurston et al., 1994) 

41 (67; 90th %) 

37.(67; 90th %) 

46 (83; 90th %) 

45.5; 5-565 

40;3-1700 

30, 30, 39 (3 years) 

- pneumonia (6/day) 
- COPD (2/day) 

(~65 ycars) 
respiratory (8. 1/<lay) 

(~65 years) 
respira tory ( 4.2/day) 

- ail resp1ratory (e::65 years) 
(3.9/day) 
- pneumonia ( 1.9/day) 
- COPD ( 1.0/day) 

(doctors' visits) 
- asthma 
- upper respiratory 
tract infections 

- bronchitis 
- asthma 

- rcspiratory 
- asthma 

1.7% (0.3-3.3%) 
5.7% (2.0-I0.6%) 

1.2% (0.0--2.6%; p < 0.05) 

2.0% (0.6--3.4%) 

1.7% (0.7-2 7%) 

l.l % (--0.03 to 2.5%) 
3.4% (1.6--5.4%) 

3.5% (p < 0.01) 
1.2% (p < 0.05) 

0.35% (p = 0.03) 
not signilicant, data not shown 

4.7% (p = 0.015) 
0.44% (not significant) 

() 
Othcr pollutants considcred 

PM 10 RR same or higher + 0 3; 

0 , independcntly associated 
(RR = 1.15) with pneumonia in 
co-regression with PM10 (i.e., both 
independently associated) 

PM .. + 0,: PM 1.8%, 0, 1.4% 
(20 µg/m'); PM + SO,: PM 10 same, 
SO, 0.8%, PM .. and 0 1 independcntly 
associated, SO, probably not (SO, not 
significant with 0,) 

PM,0 + 0,: PM not significant 
(p > 0.1 ), O, RR same; PM,0 + SO,: 
PM 10 RR same, SO, not significant 
(RR = 0.99); 0 1 dominates over 
PM,0 and SO, 

SO, negligible in Spokane; 1-hour 0 3 

also associated, 9.5% for 20 µg/m1; 

not co-rcgressed because only 115 days 
measured together 

CO associated with upper respiratory 
tract infections, bronchitis; benzene 
high; limited data for other pollutants; 
0 1 max. = 80 µg/m1 (2 years); SO,, 
NO,low 

No other pollutants considered; dust 
storms resulted in increased otitis, upper 
respiratory tract infections 

0 3 also associated in bivariate 
regression with all PM metrics; 
H· remained significant, S04 

marginally so 

-~ 
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V> Location and rcfcrcnccs PM concentration (µg/m-') Endpoints % increasc of cffccts pcr 10 µg/m' (95% CI) Othcr pollutants considercd V> 
l:"l (mcan; range) V> 
V> .. 
;; Toronto, Ontario 25; 10-58 - respiratory 2.5% (t = 3.42) PM, 0 coefficient retained value when 
'Z 
-1 (Burnett et al., 1997) - cardiac 2.3% (t = 2.24) regressed with ail gases except NO, (but ,, 

r high); strength of association: COH > l:"l .... 
0 PM,.,> S04 > PM10 > H · > CP; O, 
~ was independently associated in 
1 bivariate regressions with all PM 

::,::, 
l:"l 
V> 

Montreal, Quebec 31.5 (July-August) .... - asthma 2.1% (0.6-4.0%) PMrn RR for asthma reduced to 1.8% 
~ (Delfino et al., 1994) - respiratory 1.0% (t ; 1.83; not significant) (marginally significant) in bivariate = r non-asthma regression with 0 1 and 0 1 also reduced l:"l 

~ (no! significant), but r = 0.63, SO, 

~ included 
ri 
C! 
r Montréal, Quebec 30.1, 21.7 (2 years) (ED v1sits) Elderly (>64 years) only: PM,0 reduced to 4.5% (not significant) i::j 
l:"l ( Delfino et al., 1997) - respiratory 7.3% (1.95-12.7%) with 0 1; 0, significant with all PM 
~ (H ', SO,, PM,~, PM 111); limited 

~ evidence for independent associations of 
l:"l 
:,:, 0 1 and 3 of 4 PM, but PM--01 and 

0 ,-temperature correlations high 

Pans, France 50.8 (max. 138) (PM") - all respiratory 0.45% (0 04---0.87%) SO, significant, ail 3 endpoints; NO, 

(Dab et al., 1996) -COPD --0.5% not significant significant for asthma; BS = PM,, 
- asthma --0.025% not significant 

Black Smokc 
London, England 14.6; 6-27 - respiratory diseasc - 2 to 2% (not significant) 0 1 RR unchanged (independent) in 

(Ponce de Leon et al., 1996) bivariate regression with BS; 
correlations for BS--01: 0.3--0.45; for 
BS- NO,: 0.4---0.8; NO,, S01 not 
significant 

Birmingham, England 12.7 (IOo/o-90%, 4- 25; - respiratory d1seasc 12.3% (5.8- 18.2%) - winter BS + SO,: BS significant, respiratory 

(Wallers et al., 1994) max . 188) - asthma 2.8% (0.3-5.3%) - winter disease + asthma, SO, negative; alone, 

12.3 (winter) SO, significant, respiratory disease; 
marginal for asthma 

Amsterdam, Netherlands 11 ; 1- 37 - respiratory discasc 1.3% (- 3.1 to 8.7%- 65+) No correlations or co-regrcssions; O" 

c.i 1 (Schouten et al., 1996) -COPD 4.7% (- 1.9 to 16.5%) S01 and NO, also not significant 
UI • - asthma - 2.0% (- 5.6 to 4.8%) .., 
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Location and references 

Rotterdam, Netherlands 
(Schouten et al., 1996) 

Paris, France 
(Dab et al., 1996) 

Athens, Grecce 
(Pantazopoulou et al., 1995) 

Barcelona, Spain 
(Sunyer et al., 1993) 

Barcelona, Spain 
(Castellsague et al., 1995) 

PMu and other fine PM 

Toronto, Ontario 
3 summers, June-Scptembcr 
1992-1994 (388 days) 
(Bumett et al., 1997) 

PM concentration (µg/m') 
(mean; range) 

26; 6-61 

31.9 (max. 268) 
40 (winter) 
25 (summer) 

75 (winter) 
55 (summer) 

68 (IQR 45-84) winter 
48 (IQR 31-63) summcr 

68 (IQR 45-84) wintcr 
48 (IQR 31-63) summer 

(mean; 5th-95th) 
PM2.s ( 16.8; 4-40) 
so. (5 .6; 0.5-22.4) 
W (5; 0-23 nmol/m') 
COH (0.8 x I 0' ft) 

--- -- -

Endpoints 

- respiratory disease 
-COPD 
- asthma 

- respiratory 
-COPD 
- asthma 

(ED visits) 
- rcspiratory disease 
- cardiac 

(ED visits) 
-COPD 

(ED visits) 
- asthma 

respiratory admissions 
cardiac admissions 

0 
--- - ------

% increase of effects per IO µg/m3 (95% CI) 

3.7% (0.9- 7.3%) 
2.4% (-1.2 to 7.6%) 
not significant (not given) 

0.41% (0.07--0.75%) 
-0.05% (not significant) 
0.43% (not significant) 

1.2% (winter) 
0.96% (wintcr) 

2.28% (t = 5.0) (winter) 
0.94% (t = 2.7) + so, 

0.9% (-0.8 to 2.6%) wintcr 
3.3% (lag O days) summer 
4.6% (lag 0-3 days) summer 

RRs for interquartile range: 
respiratory; cardiac; lQR 
PMn, l.037; 1.031; 11.0 
so •. 1.029; 1.017; 3.9 
H·, 1.024; 1.024; 5.3 
COH, 1.037; 1.062; 0.25 
% increase in admissions per I O µg/m 3 

of PM,,: 
Respiratory: 3.3% (95% CI 1.3-5.2%, 
signilicant) 
Cardiac: 2.8% (95% CI -0.2 to 5.8%, 
not signilicant) 
% increase in admissions per I O µg/m' 
of sulphate: 
Respiratory: 7.3% (95% CI 3.8-10.8%) 
Cardiac· 0.4% (95% Cl -1.1 to 0.9%) 

Other pollutants considered 

No correlations or co-regressions; 0, 
marginal, respiratory disease (adults), 
NO, significant, COPD (ail ages); SO, 
not significant 

No correlations or co-regressions; PM,., 
similar to BS; 0, not significant; 
S01 positive ail endpoints; N02 

positive, asthma 

High collinearity (values not given); no 
co-rcgressions; CO, N02 also 
signilicant in winter 

ln bivariate regression, both BS and 
SO, coefficients reduced, but BS 
rcmained significant in winter; in 
summer, S01 significant, BS not; 
BS- SO, r = 0.7 (high) 

No co-regrcssion; BS r = 0.32-0. 73 for 
0,, NO,, S01; N01 significant, but 
Oi, SO, not significant 

RR, regression with ail gases 
respiratory; cardiac 
0.999; 0.993 
1.000; 0.984 
1.006; 1.005 
1.023; 1.059 
% increase in admissions per I O µg/m 3 

of PM,.s with 0,: 
Respiratory: 2.4% (95% Cl 0.3-4.4%) 
Cardiac: 1.3% (95% CI - 2.0 lo 4.6%) 
% increase in admissions per I O µg/mJ 
of sulphate with 0 1: 

Respiratory: 3.8% (95% Cl -0.1 to 7.7%) 
Cardiac: -1.0% (95% CI -6.4 to 4.4%) 

-



~, TABLE 9 (continued) ,.... 
> 
"' Location and rcfcrences PM concentration (µg/m') End points % incrcase of cffccts pcr 10 µg/m' (95% CI) Othcr pollutants considcred "' M (mean; range) "' "' .. ;; Southern Ontario (including SO, (5.3) respiratory admissions 4.15% (single regression) 2.08% (mode! + 0 1) :z 
,-j Algoma, Sudbury) (Toronto 6. 7; 95th % 20.1) (May-August calculated) 2.05% (mode) + 0 1 lag 1, 3 days, 
::i:, daily time series, 6 years + SO, lag I day) M .,, 
0 1983-1988 (April-September) O, was more important predictor of 
:l (Bumett et al., 1994) respiratory admissions than SO,, but 
1 

::i:, 
SO, independently associated 

M (p < 0.0001 ); 0 ,-SO, r = 0.38--0.65, 
"' .,, 

various monitors 
~ 
= Southern Ontario SO,: 4.37 (95th % 13) so, Figures included adjustment for O,; r 
M (including Algoma, [PM, ,: 15.3 (95th % 31.9), respirntory 2. 7% ( 1.8-3.6%) results of single pollutant regression 
;;' 
:l Sudbury) based on site-specific - asthma 2.5% (1.1--4.3%) virtually the same as results for bivariate 

ri daily time series, 6 years conversion factor: - COPD 3.7% (l.6--5.3%) regression with 0 1; PM and 0 3 
~ 1983-1988 (2192 days) PMl! = 6.97 + 1.92 SO,] - infections 2.5% (l.3-3 .7%) independently associated r 
~ (Burnett et al., 1995) [PM,o: 26.4, based on cardiac 2.5% ( 1.3-3.7%) M 

3: site-specific conversion - coronary disease 1.8% (0 54-2.9%) 

~ factor: PM,,= 15.5 + - dysrhythmias 1.0% (- 1.5 to 3.5%) 
M 2.49 SO,) - heart failure 2.3% (0.46--4.1 %) 
,:i 

Montréal, Quehec PM,,: 18.5 (90th 01., 44 ). FD v1sits fur Results for 1992 not significant 11 · significant only in infants m 
daily timc scrics, 12.2 (90th % 22) rcsp1ratory discase, 1993 rcsults ( cldcrly, ;:,:65 ycars): preliminary results, but judged 
2 summers, June- Scptember SO,: 4.96 (year 1992; age >64 years PM,,: 9.6% ( 1.9- 17 .3%) inconsistent; in adults, PMB + 0,: 
1992 (66 days) J 993 90th % 17.0); 3.34 SO,: l 8.2'Yo (2.4- 34.3%) 4.5% (not significant, but PM,.1--0, 
(98 days) (year 1993; 90th % 81) 1-1 • (infants, <2 years): correlation coefficient very high, 
(Delfino et al., 1997) H ·: 11 .3; 4.0 (nmol/m1) 12.6% ( 1.0- 24%) r = 0.62); PM and 0, likely 

indcpendently associated 

Montréal, Qucbec SO,: respiratory admissions For respiratory non-asthma admissions: 9.6% O,, temperature included in mode); 
daily lime series May-Dctober: 4.2 (90th % 8.2) asthma and non-asthma for days ~8.2 µg/m' (no continuous data given) correlations high between PM,., SO, 
5 years, 1984-1988 July-August: 4.9 (90th % 9.7) (r = 0.90); 0,-SO, (r = 0.59); PM,0--01 

(May--October, 911 days) (r = 0.63); suggested that PM,0 effect 
(July-August, 310 days) was really FP 
(Delfino et al., 1994) 

Toronto, Ontario PM,~: 18.6, 3-year mean respiratory admissions respiratory, asthma H · significant alone, marginally with 
3 summers, July- August (17.7, 15.8, 22.3 for asthma admissions PM,1: 9.3% (1.3- 17.3%), 3.7% (- 1.6 to 9.3%) O,; ail other PM fell 50-{i6% when 
1986--1988 ( 123 days) individual year) SO,: 0.8%, 0.7% co-regressed + O,; correlation 
(Thurston et al., 1994) SO,: 7.1, 3.6, 11 .8 for H·: 1.65%, 2.1% coefficients with 0,: r = O. 7 with PMn; 

w 1 

individual year r = 0.8 with SO,; r = 0.5 with H ·; 

"""' . H·: 21, 13, 52 nmol/m' r = 0.65 with CP; r :.c 0.7 with IP; ~·· for individual year r = 0.6 with TSP 
ef[I" 
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TABLE 9 ( continued) 

Location and rcfcrcnccs 

Buffalo, New York 
June-August, 2 years, 
1988-89 
(Thurston et al., 1992) 

Anchorage, Alaska 
22 months, May 1992 -
March 1994 
(Gordian et al., 1996) 

Eastern Washington State 
3 towns, October 1990, 
ail of 1991 
(Heffiin et al., 1994) 

I .

PM concentration (ftg/m') 1 
(mc:m; range) 

-----·-

so. (9.0; max. 37.4) 
H· (2.2; max. 18.7) 

PMi, was unusually low 
fraction of PM,.; limited 
monitoring gave average 
ratio 0.26, as low as 0.14 

Area subject to blowing 
dust, thus PM,i fraction 
of PM,0 was smaller than 
average 

Endpoints 

rcspiratory admissions 

outpatient visits to ED 
or doctors' offices, for 
respiratory diseases 

0 
1 % incrcasc or cffccts pcr IO µg/m' (95% Cl) J 

so.: 9.0% (p < 0.01) 
H·: 28% (p < 0.01) 

No data rcported 

ED visits for respiratory No data reported 
diseases (various) 

Abbreviations: BS = Black Smoke; Cl = confidence interval; COH = coefficient of haze; COPD = chrome obstructive pulmonary disease; 

CP = coarse particles (PM,0 ,,); ED= emergency department; FP = fine particles (PM,,); IP = inhalahle particles; IQR = interquartile range; 

PM = particulate malter; RR = relative risk; SO, = sulphate; TSP = total suspended particulate. 

0 
Othcr pollutants considcrcd 

0 1 had highesl mean effect; 
O, correlation coefficient r = 0.51 (H'); 
0.67 (SO.); W-SO, r = 0.77 (can't be 
distinguished) 

CO also examined; coarse fraction of PM 
larger than usual; PM significant, but 
high PM during eruption not significant 
for asthma, respiratory infections (CP not 
as important as fine fraction PM,0) 

Although the odds ratio for ED visits was 
raised slightly in dust storms, this was 
less than expected on the basis ofhigh 
PM,0 levels; concluded thal crustal dus! 
not significant 



adverse effects. In several studies, data from only 
one city for a limited time, as short as one summer, 
were examined (Delfino et al., 1997), which limits 
the statistical power. Certain studies involving 
larger cities with directly measured PMio were 
carefully doue and included data over several 
years (Schwartz, l 994a,b,c, 1996; Dab et al., 1996; 
Burnett et al., 1997); however, ail were lacking in 
one or more respects. For example, only 388 days 
of data over three years were considered in the 
Toronto, Ontario, study by Burnett et al. (1997). 
Schwartz and co-workers (Schwartz et al., 
l 994a,b,c, 1995, 1996; Schwartz and Morris, 1995) 
included only the elderly, aged 65 or more (due 
to limitations in the U.S. medicare database), and 
did not always consider the possibility of effects 
from other co-occurring gaseous air pollutants. 
The most reliable results with respect to estimation 
of increased hospitalization risks associated with 
PMio are considered to be those of Burnett et al. 
( 1995) for sulphate pollution for ail of southern 
Ontario (population 8.7 million), over a period 
of six years (2192 days). Although PM,0 itself 
was not directly measured, site-spccific conversion 
factors were availablc for estimation of PM ,0 

from measured sulphate. An increase in respiratory 
hospitalizations of0.7% (95% CI 0.5- 1.0%) per 
10 µg/m' mcreasc in PMio was calculated based on 
the results of this study. This figure is within the 
samc range as the nsk observed from the combined 
studies in which PM '° was dircctly measured. 

The results for Black Smoke are also 
presented in Table 9. In six of e1ght studies, 
there was a significant association between 
concentrations of Black Smoke and respiratory 
hospitalizations. The increase in respiratory 
hospitalizations in the positive studies varied 
widely from 0.4% (95% CI 0.07- 0.75%) to 12.3% 
(95% CI 5.8- 18.2%) per 10 µg/m' increase in 
Black Smoke, at the mean concentrations ranging 
between 12.7 and 75 µg/m' . In the two studies in 
which there was no association (Schouten et al., 
1996 in Amsterdam, Netherlands; Ponce de Leon 
et al., 1996 in London, U.K.), the ambient Black 
Smoke concentrations were qui te low ( < 15 µg/m 3 

versus >26 µg/m'). The authors of the London 

study (Ponce de Leon et al., 1996) explained 
their negative results with respect to a Black 
Smoke- respiratory association as misclassification 
of exposure due to poor placement of Black 
Smoke monitors in the city. A strong and 
consistent association with ozone was also noted 
in this study, as well as a somewhat Jess consistent 
association with nitrogen dioxide, with which 
Black Smoke was highly correlated. In the case 
of the Amsterdam results, there were only 6.5 
respiratory admissions per day. The authors 
repeated their analysis for the entire population of 
the Netherlands, and there was an increased risk 
of 1.01% (95% CI 0.2-1.8%) for a 10 µg/m3 

increase in Black Smoke. Thus, these two studies 
do not detract from the consistency of the positive 
association observed between increases in Black 
Smoke and increased hospitalizations. 

A summary of findings for PM2 5 and other 
fine particle metrics is prcsented in Table 9. Only 
thrcc hospitalization studies, two m Toronto 
(Thurston et al .. 1994; Burnett et al., 1997) and 
one m Montréal (Delfino et al., 1997), directly 
examined the association between PM1 5 and 
hosp italizations or emergency departrnent visits . 
S1gnificantly positive associations of PMi, (mean 
concentrations l 2.2- 18.6 µg/m3

) with respiratory 
effects were seen in univariate analyses in ail three 
stud1es. Each 10 µg /m' increase in PM15 was 
associated with a 3.3- 9.6% increase in respiratory 
hospital1zations and emergency department visits 
and a 2.8% increase (not statistically significant) 
for cardiac hospitalizations The association was 
slightly reduced in Toronto (Burnett et al.. 1997) 
when ozone was included in a bivariate regression 
analysis and was no longer significant in an earlier 
Toronto study (Thurston et al., 1994) or in 
Montréal (Delfino et al., 1997) after inclusion of 
ozone. The high correlation between ozone and 
PMll in these two studies (r = 0.62-0.7) makes 
it difficult to single out the individual effects of 
PM2 5 from ozone. However, in the larger Toronto 
study by Bumett et al. ( 1997) in which the 
correlation coefficient was relatively low 
(r < 0.34 ), the association with PM25 remained 
sigmficant after including ozone. A study by 
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Bumett et al. ( 1995) also provided additional 
information on the magnitude of the risk of 
respiratory hospitalizations associated with PM21 

based on measurements of sulphate in southern 
Ontario. An overall site-specific conversion factor 
for sulphate to PM25 was detennined using the 
equation PM2 ; = 6.973897 + 1.917519 sulphate. 
The data indicate that a 1.1 % (95% CI O. 7-1.4%) 
increase in respiratory hospitalization and a 
1.0% {95% CI 0.5-1.5%) increase in cardiac 
hospitalization were associated with an estimated 
10 µg/m 3 increase in PMu (adjusted for ozone). 

In al! seven studies in which sulphate was 
examined, there were positive associations with 
respiratory endpoints (Table 9). Increases ranged 
from 0.8% to 9.6% in respiratory hospitalizations 
(n = 5), and up to 18% for emergency department 
vis its (n = 1 ), associated with every 10 µg/m 3 

increase in ambient sulphate, at mean 
concentrations of 4.4-11.8 µg/m\ As noted 
previously, reliance has been placed on the study 
by Bumett et al. (1995) for southern Ontario, 
because of the very large database drawn from 
a population of 8. 7 million over 2192 days and 
the advanced methodological treatment of 
confounders and covariates. In two studies 
(Burnett er al., 1995, 1997), associations between 
cardiac effects and sulphate air pollution were 
also reported. The mean ozone-adjusted increase 
in cardiac hospitalizations was 2.5% (95% CI 
1.3-3.7%) per 10 µg/m 3 elevation of sulphate in 
the large southern Ontario yearly study (Burnett 
et al., 1995). However, in the much smaller 
summertime study in Toronto (Burnett et al., 
1997), the increase in RR was not significant 
(mean 0.4%; 95% CI -1.1 % to 0.9%). The 
associations were weakened (not statistically 
significant) in both studies when ozone was 
included in the regression with sulphate. Sulphate 
fonns a pan of the fine particle fraction and is 
usually <1.0 µmin size. Because it correlates 
well with PM25 (correlation coefficients >0.7 in 
southem Ontario), it appears to serve well as a 
fine particle indicator in the absence of direct 
measurements of PM2..1. However, the respective 
roles of sulphate and non-sulphate fine particles 
remain unclear. 

While the results of the available 
studies suggest that it is largely the fine fraction 
of particulate matter that is associated with 
cardiorespiratory morbidity, significant 
associations were observed between the coarse 
fraction (PM,M.s) and respiratory and/or cardiac 
admissions in two studies in Toronto (Thurston 
et al., 1994; Burnett et al., 1997) and between 
PM 10 and increased respiratory emergency 
department visits in two U.S. studies in which 
PM21 was an unusually srnall fraction of PMio 
(Hefflin et al., 1994; Gordian et al., 1996). In 
those studies in which account was taken of the 
effects of co-occurring pollutants. the association 
of the coarse fraction with hospitalizations was 
robust to the inclusion of gaseous pollutants in 
some instances (Burnett et al., 1997, for 
respiratory admissions), but not in others 
(Thurston et al., 1994; Burnett et al., 1997, for 
cardiac admissions with sulphur dioxide or 
nitrogen dioxide); however, the high correlations 
with one or more gaseous pollutants, and among 
the particle metrics, complicated attribution of the 
observed effects to the coarse fraction. 

Overall increases in respiratory 
hospitalizations were associated with particulate 
matcer even at the low concentration ranges 
( 10-100 µg PM,.,Jm)) examined. Curves appeared 
to increase monotonically, with steep slopes at 
low concentrations and some suggestion of 
curvilinear responses (lower slopes) at higher 
concentrations. The curve for COPD admissions 
in Detroit, Michigan (Schwartz, 1994b) was the 
only one showing an anomalous response, since 
hospitalizations for quartile 2 (at 30 µg/m 3) were 
higher than for quartile 3 (at 50 µg/rn3

). 

The specificity of the association between 
particulate matter and the causes of disease was 
investigated. In a series of studies on the elderly 
in four U.S . cities (Schwartz, l 994a,b,c, 1996), 
the association between PMw and COPD was 
strong, 2.0-5.7% per 10 µg/rn 3 increase. However, 
in these studies, the authors did not compare 
COPD admissions for the elderly with total 
respiratory admissions or admissions of any other 
age categories. The study conducted in southem 
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Ontario (Bumett et al., 1995) on the entire age 
range indicates that the increased hospitalization 
risk for COPD (4.8%) was somewhat higher 
than that for total respiratory admissions (excess 
admissions 3.7%) per 13 µg/m1 increase, using 
sulphate as the particle metric. The southem 
Ontario studies also demonstrate an effect of 
sulphate pollution on asthma onset (Bumett et al., 
1994, 1995). The excess asthma admissions were 
higher than the total excess respiratory admissions 
for ail ages (7 .1 % versus 5. 8% for a 5 .3 µg /m1 

increase in sulphate + l 00 µg /m; increase in 
ozone), the highest rate bemg for infants $1 year 
( 13%). 

There was a positive, but less strong, 
association of CVD with particulate matter 
pollution in southern Ontario, with an excess 
hospitalization rate of 2.5% (95% CI 1.3-3. 7%; 
adjusted for ozone) for a 10 µg /rn1 increase in 
sulphate, in comparison with a rate of 2.7% (95% 
CI 1.8- 3.6%) for respiratory disease (Burnett 
et al., 1995). In a much smallcr study carricd out 
in Toronto with a mean PM, i concentration of 
16.8 ~1g/m', the risks for CVD hospitalizations 
were lower by up to one-ha If the RR for 
respiratory disease and were not significant 
(2.8% increase in CVD versus 3.3% increase in 
respiratory disease per 10 µg/rn1 increase in PM2 s 

without ozone adjustment) (Burnett et al., 1997). 
Similarly, in Detroit, Michigan (Schwartz, 1994b; 
Schwartz and Morris, 1995), admission rates were 
higher for respiratory diseases (2.0% for COPD 
and 1.2% for pncumonia per 10 µg/m' increase 
in PM iu) than for CVD (0.56% for ischcmic heart 
disease and 1.0% for heart failure) at PM,0 

concentrations averaging 48 µg/m' . 

The effects of age on hospitalizations 
or emergency department visits were examined 
in several locations . For cardiovascular 
hospitalizations, there was a 3.5% increase 
(95% CI 1.9- 5.0%) in the elderly compared with 
a 2.5% increase (95% CI 0.5-4.8%) for those less 
than 65 years of age for a 13 µg/m 3 increase in 
sulphate (Bumett et al., 1995). In several studies, 
elderly people (>64 years) were also at higher risk 

of respiratory hospitalizations due to particulate 
matter pollution than were younger people 
lSchouten et al., 1996; Delfino et al., 1997). In 
Amsterdam, Netherlands, the elderly appeared 
to be at greatest risk for respiratory diseuse 
associated with Black Smoke; however, most risks 
were not significantly elevated, likely due to the 
small numbers in subdivided groups (Schouten 
et al., 1996). In Montréal, Quebec, mean 
increases of 10 µg /m1 for PMrn, PM, , and sulphate 
were associated with increases of emergency 
department visits in the elderly of 7.3% (95% CI 
l.95- 12.7%), 9.6% (95% CI l.9-17.3%) and 
18.2% (95% CI 2.4-34.3%), respectively (Delfino 
et al., 1997). Results of other studies are not 
consistent with the above observations. In the 
southern Ontario studies, after adjustmcnt for 
ozone and temperature, warm-season sulphate 
was associated with smaller increases in 
rcsp iratory hospitalizations in the elderly (4.3% 
incrcasc per 5.1 µg sulphate/m' increase) than in 
t.hosc bctwecn ages 2 and 64 (5.5- 7.2% ) (Bumett 
et al.. 1994), whercas increases for all-year 
su lpllate werc s1milar for youngcr (3 .7% increase) 
and older people (65+ years) (3.8% incrcase per 
13 ~tglm' incrcase in sulphate) (Bumett etal., 
1995 ). ln Rotterdam, Nctherlands, the association 
between Black Smoke and ail respiratory 
adm1ss10ns was strongest for the 15- to 64-year 
age group, with an RR of l.37 compared with an 
RR of0.97 for those aged 65 or older (Schouten 
et al., 1996). In London, U.K., there were no 
consistent differences in RRs of respira tory 
hospitalizations for those 65 and over compared 
w1th those between 15 and 64 years (Ponce de 
Leon et al, 1996). With asthma as the endpoint, 
the elderly were at less risk than those under age 
65 years in Seattle, Washington (Schwartz et al.. 
1993 ), Anchorage, Alaska (Gordian et al., l 996) 
and southem Ontario (Bumett et al., 1994 ). 

Young children appear to be a high-risk 
group with respect to respiratory hospitalizations. 
In the Utah Valley study, bronchitis and asthma 
admissions were twice as high for children 
(1-5 years) when a local steel mill was open as 
when it was closed; for ail ages combined, the 
rates were only 1.4 times as high for bronchitis 
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and 1.2 times as high for pneumonia (Pope, 
1991 ). In Anchorage, Alaska (mean PM 10 

45.5 µg/m 3
), upper respiratory tract infections 

were most strongly associated with PM 10 in 
children (<10 years) and in older adults 
(~45 years) compared with adolescents and 
younger adults (Gordian er al., 1996). In southem 
Ontario, the association between summertime 
ozone (mean one-hour maximum 64'.--140 µg/m 3

) 

and sulphate (mean 3.1-8.2 µg/m3
) combined and 

respiratory hospitalizations in infants and children 
was greater (14.8%) than for adults (4.3-7.2%) 
(Burnett et al., 1994 ), whereas associations 
between all-year sulphate (2.0-7.7 µg/m 3

) and 
respiratory hospitalizations in children (mean 
excess admission 2. 7%) was Jess than in adults 
(3.7-3.8% for 13 µg/m3 increases in sulphate) 
aftcr adjusting for the effects of ozone (Bumett 
et al .. 1995). In the London. U.K., respiratory 
hospitalization study (Ponce de Leon et al., 1996), 
children (aged 0-14 years) were not at increased 
risk for respiratory admissions due to Black 
Smoke or other air pollutants, at least not at the 
concentrations experienced in the 1980s and 
early 1990s. 

In most of the studies, potential 
confounding by temperature and season was 
well addressed using a variety of methods. 
However, thcrc has been concern that the effects 
obscrved might be due to the fluctuation of other 
unmeasured pollutants in concert with particulate 
matter. Most of the hospitalization studies on 
particulate matter examined at least one or two 
other air pollutants as potential covariates 
(Table 9). Indeed, in many studies, there was a 
strong correlation between particulate matter 
and gaseous pollutants; yet for respiratory 
hospitalizations or emergency department visits, 
gaseous pollutants in bivariate or multivariate 
analyses reduced but did not abolish the 
significance of the risk for particulate matter. 
With respect to cardiac hospitalizations, the 
results are inconsistent. In studies conducted by 
Schwartz and Morris (1995) in Detroit, Michigan, 
and by Bumett et al. (1997) in Toronto, Ontario, 
the association between PM10 and cardiac 
hospitalizations remained significant in the 

bivariate or multivariate regression with ozone, 
carbon monoxide and sulphur dioxide. In the 
southern Ontario study (Bumett et al., 1997), 
co-regression with ozone also did not reduce the 
significance of the risk of sulphate on cardiac 
hospitalizations. However, in the Toronto study 
(Burnett et al., 1997), co-regression of PM25 or 
sulphate with ozone reduced the cardiac risk to 
insignificance. 

2.4.1.2.3 Acute effects: respirat01y health (lung 
fimction, symptoms, restricted activity 
and days absent from work or school) 

Increases in ambient particulate matter have been 
associated with small, reversible decrements in 
Jung fonction in normal asymptomatic children 
and in both adults and children who have some 
form of pre-existing respiratory conditions, 
particularly asthma, at PM 111 concentrations 
ranging from 10 to 174 µg/m 3 (Pope et al., 1991, 
1992; Spektor et al., 1991; Hoek and Brunekreef, 
1993, 1994; Roemereta/., 1993; Petersetal., 
l 996a,b ). For every 10 µg/m 3 increase in PM 10, 

average decrements in peak expiratory flow rate 
were 0.09-0.4%. These changes were often 
accompanied, especially in adults, by increases in, 
for example, chronic bronchitis or cough. Each 
10 µg/m 3 increase in PMIO was associated with 
incrcases of 0.6-2.2% in respiratory symptoms. 

Based on limited data. associations 
between PM25 pollution and increased respiratory 
symptoms have been observed at concentrations 
averaging 18-22 µg/m 3 (Ostro and Rothschild, 
1989; Ostro et al., 1991; Schwartz et al., 1994; 
Peters et al., 1996a,b). Each 10 µg/m3 increase in 
PM2.5 was associated with increases of 0.9-2.2% 
in respiratory symptoms. For every 10 µg/m3 

increase in sulphate, average decrements in peak 
expiratory flow rate were 1.2%, while the risk for 
increased respiratory symptoms was 4.6-16.4% 
(Ostro et al., 1991; Schwartz et al., 1994; Peters 
et al., 1996a,b). 

Respiratory-related restrictions in activity 
severe enough to result in an increased number of 
days lost to work in adult workers and in school 
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absences in children were also associated with 
elevated ambient PMIU (mean concentrations 
41-51 µg/m3

) (Ransom and Pope, 1992) and PM25 

(mean concentrations 20-25 µg/m3
) (Ostro, 1987, 

1990; Ostro and Rothschild, 1989) or with other 
fine particulate components such as sulphate 
(Ostro, 1990). Each 10 µg/m 3 increase in PM,u, 
PM2 5 and sulphate was associated with increases 
in respiratory symptom-related activity restriction 
of9.0%, 12.9-15.8% and 17.4%, respectively. 

2.4.1.2.4 Long-term and chronic effects 

Relatively few studies are available in which 
the effect of long-term or chronic exposure to 
particulate matter on health outcomes has been 
examined. Such exposures, varying in duration 
between one and 16- 20 years, were associated 
with increases in mortality, respiratory disease 
symptoms, decrements in Jung function and, 
possibly, increases in lung cancer in both cross­
sectional and prospective cohon studics. 

In these studies, the concentrations of 
PM,0, PM21 and sulphatc were 18-47 ~1g/m1, 
l 1- 30 µg/m' and 4.8- 13 ~1g/m', respectively. In 
two prospective cohort studies (Dockery et al., 
1993; Pope et al., 1995), average increases in 
mortality from all causes of 10%, 7- 14% and 
7.5-32% were observed for each 10 µg/m3 

mcrease in PM 10, PM25 and sulphate, respectively, 
after adj ustment for a number of potential 
confounders and covariates. In two descriptive 
studies (Ôzkaynak and Thurston. 1987; Pope 
et al., 1995), the odds for annual mortality were 
increased by 4.3- 9.8% and 8.2- 12.6% for each 
l O µg/m 3 increase in PM25 and sulphate, 
respectively. Based on the mean particulate matter 
levels across six cities, lifespan was estimated to 
have been reduced by about two years over a 
14-year period (Dockery et al., 1993 ), an 
observation incompatible with suggestions that 
most or all of the observed deaths were due to 
"harvesting" or accelerating the death of persons 
already ill by a few days or a few weeks. 

In several cross-sectional studies, 
significant decrements in lung function and/or 

mcreased odds ratios for bronchitis were 
associated with chronic exposure of children to 
particulate matter for all or most of their lives. In 
the most powerful of the available studies, each 
10 µg/m' increase in PM,0, PM25 and sulphate was 
associated with decrements of forced vital 
capacity of 1.4%, 2.2% and 4.5%, respectively 
(Raizenne et al., 1996). The odds ratios for 
bronchitis ranged from non-significant to 4.3% 
for each l O µg/m' increase in PM1 5 and from non­
significant to 9.3% for each 10 µg /m~ increase in 
sulphate (Ôzkaynak and Thurston, 1987; Dockery 
et al., 1996a). 

In a prospective study, an I 8% increase 
in new cases of chronic bronchitis in older adults 
was associated with each 10 µg/m3 increase in 
PM2 s for the l O years of the observation period 
(Abbey et al., 1995a). Development of new cases 
of chronic bronchitis in association with exposure 
to particulatc malter has also becn observed in 
children (Dockcry er al., 1989, 1996a). lncreases 
in the scvcrity of respira tory symptoms of airway 
obstructive disease, chronic bronchitis and asthma 
have becn associated with exposurc to TSP, PM,0 , 

PM1~ and sulphate for 10 ycars tAbbcy et al., 
1995a). 

There is also some evidence for an 
association between long-term exposure to fine 
particulate air pollution and Jung cancer. In two 
reccnt cohort studies, exposure to average annual 
concentrations of 11- 29.6 µg /m' for PM2 , 

(Dockery et al., 1993) or 3.6- 23 .5 µg/m' for 
sulphatc (Pope et al., 1995a) was associated with 
an mcreased risk of lung cancer mortality (19.9% 
or 18. l % for an increase of l O µg/m' of PMll 
or sulphate, respectively), after adjustment 
for potential confounders or covariates. The 
associations were weak compared with those 
for other Iifestyle factors such as smoking. In a 
cohort study conducted by Abbey et al. ( 1995b) 
on non-smoking Californian Seventh-Day 
Adventists (n = 6340), exposure to PM 10 

concentrations above 100 µg/m' for 42 days per 
year was associated with a marginally increased 
incidence of ail cancers combined in females 
(RR 1.15, 95% CI 0.97- 1.38) and a non-
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significant increase in respiratory cancers, but 
these results were based on relatively few cases 
of total (n = 175) and respiratory (n = 17) cancers. 
The association with lung cancer at this time is 
inconclusive. 

2.4.2 Experimental animais and in vitro 

Given the extensive epidemiological evidence of 
an association between acute health effects and 
ambient exposure to particulate matter (Section 
2.4.1.2), information on particulate matter-induced 
effects in animais is primarily of interest with 
respect to the extent to which it provides insight 
into the biological plausibility for the association. 
Consequently, this section only briefly summarizes 
the results of studies in animais exposed to 
particulate matter, with emphasis on the target 
tissues, susceptible subpopulations, the toxicity of 
various particle size fractions and compositions, 
and plausible biological mechanisms for particulate 
matter-induced effects identified in these studies. 
These include severe damage of the alveolar 
intcrstitium tissue by the highly reactive surfaces 
of ultrafine particles and metal components, causing 
acute pulmonary edema and inflammation andÎor 
particulate matter-induced alteration ( enhancement 
or impairment) of the respiratory immune system. 

2.4.2. l Acute and short-term exposure 

Acute exposures (four- to six-hour single 
exposures) of laboratory animais to a variety of 
types of particles, almost always at concentrations 
well above those occurring in the ambient 
environrnent (particles > 1 mg/m ', acid aerosols 
>50 µg/m3

), confirm that the cardiorespiratory 
system is a target for particle-induced effects. 

Effects on the respiratory system 
include decreased ventilatory fonction and 
airway hyperresponsiveness (a hallmark of human 
asthma) in guinea pigs or rabbits (Chenet al., 
1990, 1991 b, 1992a; El-Fawal and Schlesinger, 
1994 ), altered mucociliary clearance in rabbits 
(Chen and Schlesinger, 1983; Grose et al., 1985; 
Naumann and Schlesinger, 1986) and a range of 
histological and cellular (Callis et al., 1985; 

Wiessner et al., 1989, 1990; Guilianelli et al., 
1993) and biochemical (Lindenschmidt et al., 
1990; Chenet al., 199la,b,c, 1992b; Mohr et al., 
1992; Kobzik et al., 1993; Kodavanti et al., 1997) 
alterations in the Jung, including the production of 
proinflammatory cytokines and other mediators 
by pulmonary alveolar macrophages. 

The pulmonary immune system is also 
affected by exposure to particulate matter, seen as 
increased numbers of alveolar macrophages and 
polymorphonuclear leukocytes in the alveoli of 
mice, hamsters and rats (Brain and Cockery, 
1977; Adamson and Bowden, 1981; Lehnert 
et al., 1985), decreased mobility of alveolar 
macrophages in rabbits (Schlesinger, 1987) and 
altered (increased or decreased) ability of 
macrophages to phagocytize particles in mice and 
rats (Fisher and Wilson, 1980; Tabata and Ikada, 
1988; Schlesinger et al., 1990; Warheit et al., 
1991; Chen et al .. 1992b ). (The latter effect is 
often related to particle composition, with silica 
and quartz causing a decrease in macrophage 
activity and iron oxide causing an increase in 
macrophage activity.) Particulate matJer also 
modifies immunological responses, including 
airway defencc mechanisms against microbial 
infections. This effect appears to be related to 
composition and not the particle effect, since 
particles with known cytotoxic properties, such 
as metals, affect the immune system to a 
significantly greater degree than other particles 
(Hatch et al., '1985; Chen et al., 1989, 1992b; 
Oberdôrster et al., 1992a, 1994b; Zelikoff and 
Schlesinger, 1992; Berg et al., 1993; Nadeau 
et al., 1995, 1996). 

Finally, the cardiovascular system can 
also be affected; acute exposure to particulate 
matter induces electrocardiographic abnonnalities 
in rats and dogs (Sakakibara et al., 1994; Campen 
et al., 1996; Nearing et al., 1996). 

The results of studies in animais also 
confinn that adverse effects of exposure to 
particulate matter, including mortality, morbidity 
and branchial hypersensitivity to non-specific 
stimuli, are much more pronounced in individuals 
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with pre-existing cardiorespiratory diseases 
( Slauson et al., 1989; Raabe et al., 1994; Godleski 
et al., 1996: Gilmour et al., 1997; Killingsworth 
et al., 1997). For example, mortality was 
increased following exposure of rats with acute 
pulmonary mflammation or chronic bronchitis to 
250 µg PM2 / m3 (three days, six hours per day), 
while no deaths occurred in healthy rats (Godleski 
et al., 1996). Similarly, Killingsworth et al. 
( 1997) reported that inhalation of fuel oil ash 
(approximately 580 µg/m3, six hours per day for 
two days) caused effects only in the rats with pre­
existing cardiorespiratory injury induced by 
monocrotaline, including acute mortality (40%), 
mflammatory cell infiltration in pulmonary 
interstitium and blood vesse! walls, and increases 
in expression in lung and heart of proteins and 
messenger RNA of several chemokines involved 
in inflammatory cell rccruitment. 

The particlc types most likely to induce 
acute adverse effects include metals, organics, 
acids and acidic sulphates of the fine particle 
mode, possibly occurring as coatings on fine 
or even ultra fine carrier particles (Chen et al .. 
199 la,b, 1992a). It appears that the ultrafine 
particle mode ($0.1 µm in size) may be of 
s ignificant toxicological importance due to its 
large number and slow clearance rate from 
pulmonary interstitium (Oberd6rster et al., 1992b, 
1994d). Ultrafine particles were shown to result in 
pulmonary inflammation and death after about 
30 minutes in rats or guinea pigs exposed to a 
number concentration of 700 000 to 1 million 
part1cles (median diameter 26 nm) at near­
amb1ent concentrations of ultrafine particles 
(9-60 µg/m1

) (Warheit et al., 1990; Chen et al., 
!992b; Oberdôrster et al., 1995). There are 
indications that surface-complexed iron and other 
metals on particles are involved in pulmonary 
mjury (Berg et al., 1993; Guilianelli et al., 1993; 
Carter et al., 1997; Kodavanti et al., 1997). 

observed in the epidemiological studies. It is 
possible that the increase in respiratory diseases 
associated with particulate matter in the 
epidemiological studies is the result of severe 
damage of the alveolar interstitium tissue by 
the highly reactive surfaces of ultrafine particles 
(Ferin et al., 1991) and metal components 
(Berg et al., 1993; Guilianelli et al., 1993; 
Carter et al., 1997; Kodavanti et al. , 1997), 
causing acute pulmonary edema and inflammation 
(Oberdorster et al., 1992a, 1994c ); alternatively, 
these outcomes may reflect the particulate matter­
induced alteration ( enhancement or impairment) 
of the respiratory immune system (Brain and 
Cockery, 1977; Adamson and Bowden, 1981 ; 
Lehnert et al., 1985; Killingsworth et al., 1997). 
With respect to particulate matter-mitiated acute 
cardiovascular effects, it has bcen postulated that 
oxidized low-density lipoprotem may play a 
pathological role, since diesel exhaust particles 
have bcen reportcd to cause oxidative 
modification of low-dcnsity lipoprotein in vitro 
(Ikeda et al., 1995). Oxidized low-density protein 
has been found to cause cndothelial damage, 
the proliferation of smooth muscle cells, 
monocyte- endothelial interactions, platelet 
aggregation and inhibition of endothclial-derived 
relaxation of vascular smooth muscles (Morel 
et al .. l 983 ; Ocana, 1989: Berliner et al.. l 990; 
Cushing er al.. 1990; Ezaki et al., 1994; Ichinose 
et al., 1995; Ikeda et al., 1995). These 
biochemical and pathological changes may ail 
Iead to coronary vasospasm, lesion and blockade, 
and hypertension. There are also reports that 
chemokines, which are a·mong the mediators 
mduced by exposure to particulate matter, are 
involved in myocardial dysfonction, decreased 
contractility and vasoconstriction in vitro and in 
vivo (DeMeules et al .. 1992; Abe et al. , 1993; 
Yokoyama et al., 1993; Mann and Young, 1994). 

2.4.2 .2 Subchronic and chronic exposure 

1 ' 

White the mechanisms for the 
cardiorespiratory effects observed following 
exposure to particulate matter are not clear, there 
is emerging evidence from the studies in animais 
that may ultimately explain the acute effects 

In the available subchronic and chronic exposure 
studies, animais were repeatedly exposed to very 
high (> l mg/m1

) concentrations of a wide variety 
of types of particles, often on a schedule that 
mimicked workplace conditions ( e.g., six hours 
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per day, five days per week). These exposures 
resulted in a wide range of effects on the lung, 
including compromised Jung functions in guinea 
pigs and rats (Wiester et al., 1980; Ellakkani 
et al., 1987; Mauderly et al., 1988; Begin et al., 
1989; Heinrich et al., 1989), hyperresponsiveness 
in rabbits (Gearhart and Schlesinger, 1986), 
impaired airway clearance function in guinea 
pigs, donkeys and rabbits (Gearhart and 
Schlesinger, 1989; Nagai et al., 1991; Schlesinger 
et al., 1992; Samet and Cheng, 1994) and 
impairment of immune functions in the lungs 
of rats and mice by reducing macrophage 
phagocytosis and bactericidal capability 
(Spiegelberg et al., 1984; Gilmour et al., l 989a,b; 
Kleinman et al., 1995). 

Long-term exposure to particulate matter 
results in histopathological and cytological 
changes in the Jung, including chronic pulmonary 
inflammation, hyperplasia of the alveolar 
epithelium and pulmonary fibrosis, regardless 
of particle type, mass concentration, duration of 
exposure or species examined (Shami et al., 1984; 
Henderson et al., 1988; Gearhart and Schlesinger. 
1989; Schlesinger et al .. 1992; Kawabata et al., 
1993; Kleinman et al., 1995). The development 
of lung tumours has also been observed following 
chronic exposure of rats to high levels of a wide 
variety of particle types (Heinrich et al., l 986a,b; 
Kawabata et al., 1993; Pott et al., 1994). 

A particularly relevant subchronic study 
was conducted by Kleinman et al. (1995), in 
which rats were exposed to ammonium sulphate 
(20 or 70 µg/m3, 0.2 µm MMAD), ammonium 
nitrate (90 or 350 µg/m', 0.6 µm MMAD), 
resuspended road dust (300 or 900 µg/m3, 4 µm 
MMAD) or purified air, four hours per day, four 
days per week, for eight weeks. Decreases in 
alveolar macrophage function and increased 
pulmonary permeability were observed following 
exposure to nitrate and sulphate (low and high 
doses) and road dust (high dose only). Based 
on quantitative histopathological analyses, 
there were moderate to substantial changes 
following exposure to particles, in the order of 
sulphate > nitrate > road dust. Thus, in this study, 

the lungs were adversely affected by repeated 
exposure to particles of a size, mass concentration 
and composition relevant to ambient exposure 
conditions, and the fine fraction of PM16 was more 
toxic than the coarse fraction. 

2.5 Toxicokinetics 

Particle size is believed to be the most important 
characteristic influencing deposition in the three 
anatomical regions of the respiratory system 
(Lippmann, 1977; Anderson et al., 1990; Dockery 
and Pope, 1994 ). In the extrathoracic region (nose 
and mouth) in human airways, virtually ail 
part1cles > 10 µm m diameter, when mhaled 
through the nose. are deposited in the nasal 
region. whereas during mouth breathing this drops 
to approximately 65% (U.S. EPA, 1982). In the 
tracheobronchial region, only particles :510 µmin 
diameter are deposited. However, owing to the 
bypass of the nasal cavity during oral breathing, 
up to 10% deposition of particles up to 15 µm in 
diameter can occur in the tracheobronchial region 
(Miller et al., 1979 ). The deposition of partiel es in 
the pulmonary region in humans is probably the 
most critical with regard to the health effects 
associated with particulate matter, since this 
appears to be the target tissue. Lung deposition 
in this region is highest for small particles of 
submicrometre size and is markedly reduced for 
particles of 2 µm and above (ICRP, 1994). Churg 
and Brauer ( 1997) examined the upper lobe apical 
segment parenchyma of autopsy lung tissue for 
long-term residents of Vancouver, British 
Columbia, using analytical electron microscopy 
and found that 96% of the particles deposited had 
aerodynarnic diameters less than 2.5 µm. 

While deposition of fine particles on 
a mass per unit alveolar surface area is not 
different between rats and humans, based on the 
calculations per ventilatory unit or per alveolus, 
humans receive much greater numbers of particles 
than do rats when exposed to the same mass 
concentration of particulate matter, particularly 
for particles O. l-0.3 µm in size. This difference 
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bas been observed to be even more pronounced 
for individuals with compromised lungs 
(smokers and patients with respiratory diseases) 
than for normal subjects (Kim and Kang, 1997). 
It was estimated that rats exposed to 1- 1.5 mg 
particles/m3 may actually have received a level of 
particles equivalent to 120-150 µg/m 3 in humans 
(Miller et al., 1995). 

Clearance of partiel es from the 
extrathoracic region occurs by mechanical 
processes; in the nasal area, by blowing, wiping 
or sneezing; and in the more anterior regions, 
either through swallowing (in mucus) or by 
expectoratîng. Clearance from the extrathoracic 
region may take up to one or more days in 
humans (Proctor and Wagner, 1965). In the 
conducting airways of the tracheobronchial 
region, the most prominent mechanism for 
elimination of particles is via the action of the 
mucociliary escalator into the gastrointestinal 
tract. This is a very fast clearance pathway, which 
1s mamly completcd within 24 hours after 
deposition of particles in this region. The half­
time of clearance in humans ranges from half an 
hour m the largcr airways to five hours in the 

smaller airways (U.S. EPA, 1982), although there 
is some evidence of a long-term component to 
tracheobronchial retention (approximately 500 
days) (Stahlofen et al., 1986a,b; Smaldone et al., 
1988). In the pulmonary region (the site of effects 
in the epidemiological studies), insoluble particles 
are rapidly cleared through phagocytosis by 
alveolar macrophages. Following phagocytosis, 
the macrophages can migrate such that they are 
cleared via mucociliary flow; however, particle­
laden alveolar macrophages are found in the Jung 
up to many hundreds of days post-exposure, 
indicating that some macrophages do not migrate 
and that particles are reingested by other 
generations of alveolar macrophages. Particlcs 
may also enter the interstitium via endocytosis by 
alveolar epithelial cells, specifically Type I cells. 
Ultrafine particles (<-50 nm) have a much greater 
propensity to penetrate into the pulmonary 
intershtium and escape phagocytosis by alveolar 
macrophages (Ferin et al., 1991). 
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3.0 ASSESSMENT OF "TOXIC" UNDER CEPA 1999 

3.1 CEPA 1999 64(c): Human health 

3.1.1 Exposure 

Data on particulate matter in Canada are almost 
entirely from fixed-site monitoring of 24-hour 
concentrations in ambient air. Within the national 
network, long-term mean PMio concentrations 
during the mid-1980s to mid- l 990s ranged from 
11 to 42 µg/m 3 at urban sites and during the mid-
l 990s ranged from 11 to 17 µg/m3 at rural sites. 
The corresponding values for PM2.5 were 
6.9-20.2 µg/m 3 and 7.0-10.5 µg/m 3

, respectively. 
The values for PMio and PM2 s are above estimated 
background levels, indicating that anthropogenic 
activities make an important contribution to 
ambient particulate matter loadings . On a national 
scale, average particulate matter concentrations 
decreased approximately 2-3% annually between 
1984 and 1995. 

The distribution of ambient particulate 
matter data at a given site is typically strongly 
skewed, with a large number of low values and 
relatively few greater ones. Short-term levels 
can be substantially greater than mean values; 
for example, the 90th percentile of 24-hour 
concentrations from the various sites in the 
national network is approximately twice the 
mean. Typically, weekend concentrations are 
lo\, er than those during the work week, and there 
are diurnal variations in particulate matter, with 
peaks occurring during the moming rush hour 
and late evening. There are relatively strong 
correlations between 24-hour concentrations 
of PMio and PM25 at most sites in the national 
network, consistent with the belief that the daily 
variations in PM10 generally reflect fluctuations 
in fine particles, rather than coarse particles. 

There has been much discussion of the 
adequacy of particulate matter levels measured 
at fixed-area monitors as surrogates for human 
exposure to particulate matter. While mean 

persona! air levels of fine particles are generally 
poorly correlated with ambient monitoring data 
collected at the same time, the correlations 
are stronger when individual (longitudinal) 
regressions of persona! exposure with the nearest 
outdoor site are calculated and when the mean of 
the persona! exposures from a number of studies 
is related to the fixed ambient monitoring. Results 
from studies in the United States have also 
indicated that outdoor air is the largest source 
of indoor PM10 or PMu, even in homes where 
tobacco smoking or cooking (the two main 
identified indoor sources of partiel es) took place. 
This should also be the case in Canada, although 
"tighter" building construction will lower the 
contribution from this source in winter. Together, 
these considerations suggest that ambient 
fine particles measured at a fixed point in 
the community will be related to exposure, 
particularly for individuals who are not exposed 
to important indoor sources of particles such as 
smoking, and that such monitoring can serve as 
an adequate surrogate for community (population) 
exposure. 

3.1.2 Ejfects 

The strongest evidence demonstrating an 
association between particulate matter and 
cardiorespiratory illness is provided by the 
mass of epidemiological data. These point to 
a "pyramid of effects" headed by increases in 
mortality due to cardiorespiratory diseases, 
increases in hospitalizations for cardiorespiratory 
diseases, decreases in lung function in children 
and in asthmatic adults, increases in respiratory 
symptoms, which can lead to increases in 
respiratory-related activity restrictions and days 
lost from work or school, and long-terrn or 
chrome effects, including reduced survival, 
reduced Jung function and capacity in children, 
and increases in the development of chronic 
bronchitis and asthma in some adults (Table 10). 
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UI TABLE 10 0 .. Summary of adverse health effccts associated with particulate matter (epidemiological studies) 
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Acute increase in mortality 

Acute increase in respiratory 
hospitalizations and emergency 
department visits 

Acute increase in cardiovascular 
hospital izations 

Acute pulmonary function 
decrements 

Acute increase in symptoms 

Acute increase m respiratory 
symptom-related activity 
restriction 

Long-tenn incrcase in mortality 

Long-tenn pulmonary function 
decrements 

Long-tenn incrcase in symptoms 

Increase in Jung cancer 

--

1 % incrcasc of risk pcr 10 µg/m' of 
PM .. !average concentrations (µg/m')) 

0.8% (unweighted); 0.5% (weighted) 
[18- 115 µg/m1

] 

0.35-7.3% 
[25- 55 µg/m') 

0.56-1% 
(48 µgtmi] 

0.09-0.4% 
(10-174 µg/m'] 

0.6-2.2% 
[ 10-174 µg/m'] 

9.0% 
(41-51 µg/m 1

] 

10% from cohort studies 
[18-47 µg/m '] 

1.4% increase in odds from 
cross-sectional studies 
[24-58 µglml) 

From non-significant to 39% 
increase in odds from cross-sectional 
studies 
[20-59 ~1g/m1) 

No data 

l % incrcasc of risk pcr 10 µg/m' of PM,.s 
)average concentrations (µg/m')J 

1.5% 
[ 1 1 .2- 21 µg/m'] 

3.3- 9.6% 
[16.8 µg/m1] 

1% 
[15.3 µg/m '] 

No data 

0.9-2.2% 
[ 18-22 pg/m '} 

12.9- 15 .8% 
[20-25 pg/m '} 

7- 14% from cohort studies; 
4.3- 9.8% incrcase in odds from 
cross-scctional studies 
[I 1-30 ~1g/m 1

] 

2.2% increase in odds from 
cross-sectional studies 
[8-46 µg/m'] 

18% from a cohort study; 
from non-significant to 4.3% increase in 
odds from cross-sectional studies 
[11.8- 37 pg/m' ] 

19.9% from cohort studies 
[I 1- 29.6 µg/m'] 

1 % incrcase of risk pcr 10 µg/m' of 
sulphate !average concentrations (µg/m')J 

2.2% 
[5 .8- 8.7 µg/m'] 

0.8- 18.2% 
[4.4-11.8 µglml] 

2.5% 
[4.4 pg/m'] 

1.2% 

4.6-16.4% 
[2.5 µg/m'] 

17.4% 
[2.1 µg/m'] 

7.5- 32% from cohort studies; 
8.2- 12.6% increase in odds from 
cross-scctional studies 
[ 4.8- 13 µg/m'] 

4.5% increase in odds from 
cross-sectional studies 
[4.7- 13 µg/m'] 

From non-significant to 9.3% increase 
in odds from cross-sectional studies 
[3 .2- 14 µg/m'] 

18.1 % from cohort studies 
[3 .6-23 .5 µg/m'] 
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Although the epidemiological studies are 
observatioi:ial rather than experimental, they have 
been weighted more heavily than the toxicological or 
controlled human exposure studies for several 
reasons: ( 1) they are the most direct way of assessing 
the adverse health outcomes of"real-world" complex 
mixtures of pollutants to which people are exposed; 
(2) human populations, unlike laboratory animais, 
are highly heterogeneous, including individuals who 
encompass a large range of susceptibilities, disease 
status and exposures and whose responses cannot be 
predicted from animal toxicology studies or are not 
available from controlled human exposure studies 
due to ethical reasons; and (3) no extrapolation is 
necessary when assessing the effects on public health 
of a particular concentration of air pollutant or of an 
ambient air objective, as measured by the ambient 
compliance monitoring network, despite our Jack of 
knowledge about the exposures of each individual 
in the population. 

The results of the time-senes 
epidemiological studies of air pollution and 
health need to be interpreted within the context 
of mechanisms of disease pathogenesis, relevant 
toxicological evidence and the findings of 
analytical epidemiological studies such as 
cohort studies. The results of these investigations 
(i .e., the association between ambient exposure to 
particulate matter and cardiorespiratory mortality 
and morbidity) are considered, therefore, in the 
context of traditional criteria for causality for 
epidem1ological studies. 

3.1.2.1 Consistency 

The results of the time-series studies of mortality 
have been remarkably consistent in indicating a 
positive association between PMio and PM2-.1 
pollution and daily mortality. These associations 
were seen in 43 analyses in 20 cities across North 
America, South America, England and Europe. 
The Canadian and U.S. cities included in the 
analyses range from large metropolitan areas, such 
as Toronto and New York City, to smaller cities 
with polluting industry, such as Steubenville and 
Utah Valley. The estimates of the risks have been 

similar, in spite of the potentials of misclassifica­
tion of persona! exposure to ambient particles, 
different combinations of co-pollutams and 
different health care systems. While most of 
the studies used the time-series analysis, widely 
differing analytical applications were employed, 
with similar results. The results of two long-tenn 
cohort studies indicated similar trends for PM10-

and PM25-related mortality (Dockery et al., 1993; 
Pope et al., 1995). 

With respect to studies of morbidity, 
diverse study designs have been used, including 
time-series studies, cross-sectional studies, short­
term cohort or "panel" studies and longer-tenn 
cohort studies. The array of health outcomes 
considered in these studies is equally diverse. 
Significant association of PM'° and PMi.s with 
respiratory hospitalizations was demonstrated in 
most time-series studies examined. Associations 
between particulate matter pollution, including 
PM 111, PM2 5 and sulphate. and mcreased hospital 
admissions due to CVD have also been reported 
in Canada and the United States. Regression 
modelling indicates adverse effects of particle 
cxposure on lung fonction in children and adults, 
respiratory symptoms and medication use, 
restrictcd activity days and frequency of reported 
chronic respiratory disease. 

Thus, epidemiological studies of 
morbidity and mortality have provided consistent 
evidence of an association between exposure to 
particulate matter and several of these critical 
health outcomes, in areas with different pollutant 
sources, different combinations of co-pollutants 
and different health care systems. 

3.1.2.2 Strength of association 

The increased RRs for mortality and morbidity are 
summarized in Table 10. The magnitudes of the 
estimates of increased risks are seemingly small, 
although they represent a substantial impact on 
public health. Thus, the magnitude of the 
associations is relatively weak, but statistically 
significant. 
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3.1.2.3 Dose- response relationship 

Responses increased monotonically from very 
low ambient concentrations of particulate matter 
up to much higher levels with remarkable 
consistency in many epidemiological studies on 
acute and chronic mortality (Pope et al., l 992, 
1995; Dockery et al., l 993; Schwartz, 1993; 
Saldiva et al., 1995; Ostro et al., 1996; Pope and 
Kalkstein, 1996) and hospitalizations (Sunyer 
etal., 1993;Burnettetal., 1994, 1997;Schwartz, 
l 994a,b,c; Castellsague et al., 1995; Schwartz 
and Morris, 1995). The dose-response curve for 
mortality and morbidity versus concentrations of 
PMw and fine fractions (PM~s and sulphate) 
appears to be linear in the majority of mortality 
and hospitalization analyses based on PM10 

concentration in locations including St. Louis, 
Missouri, six eastem and central U.S. cities, the 
Utah Valley and Sao Paulo, Brazil. This linear 
rclationship is supported by studics utilizing TSP 
as the metric in Steubenville, Ohio, Philadelphia, 
Pennsylvania, and Detroit, Michigan. Non­
parametric smoothing techniques applied to 
data from several of these locations, at least 
in the lower exposure range, for mortality in 
Philadelphia and the Utah Valley and for 
hospitalizations in Toronto, Ontario, Birmingham, 
Alabama, New Haven, Connecticut. Tacoma, 
Washington and Spokane. Washington, have 
generally confirmed the approximately monotonie 
dose- response , 

The data from several studies are 
consistent with curvilinear models. In several 
European locations that mcluded PM,0 and PM25 

metrics, the dose- response curve showed a 
steeper linear component at lower concentrations 
and a slight flattening (lower slope) at high 
concentrations. This curvilinear response was 
seen in mortality studies from Amsterdam, 
Netherlands, for both Black Smoke and PM,0 

(Verhoeff et al., 1996) and from Athens, Greece, 
for Black Smoke (Touloumi et al., 1994). In the 
study by B urnett et al. ( 199 5) on the association 
between sulphates and respiratory hospitalizations 
in southern Ontario, the decile curve appears to be 

slightly curvilinear and rises monotonically from 
0 to 20 µg sulphate/m3 (lagged one day), with a 
slightly reduced slope at the higher concentrations 
above about 8- 10 µg/m3

• 

In a reanalysis (by quintiles) and 
extension of the Utah Valley mortality data by 
two years, Lyon et al. ( 1995) suggested a 
threshold for PM, 0 cffects at a concentration of 
50 µg/m3

• However, this analysis was carried out 
by subdivision of the data by year, season, age, 
location and cause of death and by dichotomizing 
PM10 data at a 50 µg/m3 cutoff, resulting in 
substantial losses of PM 10 information and 
statistical power. 

Thus, a dose- response relationship has 
consistently been observed, with risks increased 
evcn at very low ambient concentrations of 
part1culate matter. 

3. l .2.4 Cohcrcncc 

A "pyramid of effccts" of varying severity of 
outcomc has bcen obscrved in the epidemiological 
studies. Particulatc matter has been associated in 
many studies with cardiorespiratory mortality. 
One would expect that hospital admissions would 
also be elevated, and to a greater degree than 
mortality, since not ail affected people would die. 
Similarly, emergency department and doctors' 
visits, respiratory symptoms, lung fonction, 
respiratory-related reduced activity and days 
absent from work or school due to respiratory 
illnesses would be expected to be elevated. Ali 
of these have in fact been observed, providing a 
strongly coherent picture (Table 10). The slopes 
of the response curves also tend to increase as the 
effects go down the scale of seriousness on the 
"pyramid of effects," which adds to the evidence 
for coherence. 

A strong pattern of coherence between 
endpoints is hence provided both qualitatively and 
quantitatively by the associations shown between 
particulate matter and a broad range of endpoints 
from the least to the most serious, i.e., mortality. 
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3.1.2.5 Temporal relationship 

In many epidemiological studies, the lag time 
between pollution peaks and onset of effects was 
investigated. In some, '·reverse lag," or effects 
several days prior to the episode, were analysed 
to ensure that the time sequence was correct. 
Daily peaks of particulate matter were followed 
within 24 hours to several days by mortality, 
hospitalizations, lung fonction changes and 
respiratory symptoms. Thus, the criterion of 
temporality was satisfied by the study results. 
However, for mortality, this lag period was 
surprisingly short, being less than 24 hours in 
a number of studies. This has created some 
difficulties in trying to explain what mechanism 
could be responsible for these sudden deaths, 
since not enough time would have elapsed for 
sufficient tissue damage to occur to account for 
mortality or for infections to have progressed to 
this stage so rapidly, unless there was an acute 
coronary artery spasm and a subsequent massive 
myocardial infarction or a malignant arrhythmia. 
Altematively, this short lag time might be due 
to the susceptibility of certain subpopulations 
whose health had already been compromised 
by cardiorespiratory diseases and who were 
particularly vulnerable to environmental changes. 

The time pattern of exposure and effect 
adds to the weight of evidence for causality, with 
the exception of the rapidity of the effects on 
monality. 

3.1.2.6 Specificity 

Evidence shows that particulate pollution-related 
increases in mortality and hospitalizations were 
associated with cardiorespiratory causes, but not 
with other diseases (Thurston et al., 1994; Bumett 
et al., 1995; Schwartz and Morris, 1995). 

With respect to specificity of the agent, 
possible confounders such as temperature, 
weather, season and (in some studies) epidemics 
of influenza were controlled for in the analyses, 
and it seems unlikely that such factors could be 
responsible for the associations of particulate 

matter and mortality in such a wide range 
of locales. The evidence for particulate matter as 
opposed to certain gaseous pollutants is strong in 
the majority of studies, although a broad range of 
air pollutants has been examined in only a few 
studies. On the other hand, the associations have 
been observed in a wide range of locations with 
differing mixtures of air pollutants and have been 
quite consistently positive for particulate matter. In 
analyses designed to help separate out effects of 
one pollutant from another, such as bivariate or 
multivariate regressions, the associations of PM 10, 

PM2 5 and sulphate with adverse health outcomes 
were remarkably robust to inclusion (one at a time) 
of al! four gaseous air pollutants (sulphur dioxide, 
nitrogen dioxide, carbon monoxide and ozone). 
Moreover, the magnitude of this association was 
often (but not always) greater than that for any of 
the gaseous pollutants individually or combined. 

The evidence is considered to be strong 
regarding the specificity of effect for respiratory 
and cardiac outcomes. With respect to specificity of 
cause, the evidence is harder to judge, but, where 
possible confounding factors have been examined, 
they have not explained the observed excesses of 
adverse health outcomes. 

3.1.2.7 Biological plausibility 

When evaluating the effects of low-level ambient 
particles, acute adverse effects - i.e., mortality 
and morbidity - correlated with daily changes 
in ambient levels need to be clearly distinguished 
from chronic effects that are associated with 
long-terrn levels of particulate pollution. The 
association of mortality with daily variations in 
particulate air pollution presents difficulties in 
establishing a plausible mechanism that could 
exp Iain these associations, because of the very 
short lag period, or in some cases no lag, between 
recording of elevated particle concentrations and 
the occurrence of increased mortality. Severa! 
hypotheses have been proposed for acute particle­
related mortality, including: (1) exacerbation of 
severe asthma or COPD; (2) progression of an 
acute respiratory infection; (3) worsening of 
pulmonary edema, due perhaps to either a _., , 
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permeability defect or left ventricular dysfunction; 
and ( 4) malignant cardiac arrhythmias. 

The clinical data !end only limited 
support to the results of the epidemiological 
studies. Controlled human exposure studies have 
shown that asthmatic individuals, especially 
asthmatic children and adolescents, are responsive 
to acidic aerosols at concentrations close to 
ambient levels (-35 µg sulphuric acid/m3 for 
40 minutes) (Koenig et al., 1989, 1992; Hanley 
er al., 1992). However, there is no conclusive 
ev1dence of enhanced responsiveness in 
other susceptible groups identified in the 
epidemiological studies (the elderly or individuals 
with COPD) and little or no support for the 
observation that daily fluctuations of ambient 
particulate concentrations are associated with 
mortality within hours or a few days at most. 
The discrepancy between clinical and 
epidemiological findings may be due to one or 
more of the following: for practical and ethical 
reasons, the experimental subjects can be exposcd 
to the tested air pollutants only for shortcr 
durations than pollut1on cpisodes, and the studics 
cannot mclude thosc people most likely to be 
affccted by air pollutants, such as cardiovascular 
patients; the pulmonary funct1on parameters that 
are most often used in clinicat studies may not be 
sensitive enough to indicate particulate matter­
induced adverse health effects; artificial particles 
used in exposure chambers may not reflect the 
potential synergistic effects of ambient particulate 
matter and aerosol mixtures; and in most human 
studies, the sizes of aerosols used are above 
0.5 µm, whcreas nanometre-sized ultrafine 
part1cles have been found in animal studies to 
induce acute pulmonary inflammation and death 
at very low concentrations (Oberd6rster et al., 
1994a). 

Experimental animal studies thus far have 
not corroborated the epidemiological findings of 
an association between 24-hour ambient levels 
of PMw and PM2.5 below l 00 µg/m3 and mortality, 
but this may be the result of dosimetric 
differences between animais and humans. The 
lowest concentration of PM2 5 reported that caused 

death in rats with acute pulmonary inflammation 
or chronic bronchitis was 250 µg /m3 (three days, 
six hours per day) (Godleski et al., 1996). Based 
on a recent comparative dosimetric analysis 
conducted by Miller et al. ( 1995), it was 
estimated that humans receive approximately 
a 10-fold higher number of ultrafine particles than 
do rats exposed to the same mass concentration, 
when calculated per ventilatory unit or per 
alveolus. This difference has been observed to 
be even more pronounced for individuals with 
compromised lungs (smokers and patients with 
resp1ratory diseases) than for normal subjects 
(Kim and Kang, l 997). Based on this analysis, the 
results of studies of animais exposed to several 
hundred µg particulate matter/m3 appear relevant 
to ambient exposures for the general population. 

Severa! studies have shown that bronchial 
hypersensitivity to non-specific stimuli, morbidity 
and mortality are most likely to occur in animais 
with prc-existing cardiorespiratory discases 
( Slauson et al., 1989; Raabe et al., 1994; Gilmour 
e1 al .. 1997; Killingsworth er al .. 1997), providing 
furthcr support for the cpidcmiological findings . 

Based on data from toxicological studies 
m animais, the epidemiolog1cal observations 
of rap1d effects of low ambient particle 
concentrations in cardiorespiratory disease may 
be attributable to ultrafine particles. The urban 
part1culate cloud may contain up to millions 
of nanometre-sized particles per millilitre, 
with a gravimetric concentration of only 
100- 200 µg/m '. The particle surface area is 
therefore greatly enlarged and has been shown to 
be capable of carrying adsorbed metals, acids and 
tox1c organic molecules down to the deep recesses 
of the lung. Pulmonary inflammation and 
mortality in animais have been observed at near­
ambient concentrations of ultrafine particles -
i.e., 9- 60 µg/m3 (Warheit et al., 1990; Chenet al., 
1992b; Oberd6rster et al., 1995). 

The available data from animal 
tox1cological and controlled human clinical 
studies have implied a mechanistic basis for PMio­
and PM1 5-induced cardiorespiratory in jury -
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namely, by altering the airway immune system 
and/or causing epithelial cell damage, resulting 
in respiratory diseases. The mechanism for the 
cardiovascular effects is not clear but may be the 
result of lipoprotein peroxidation and modifying 
blood coagulation, resulting in cardiovascular 
abnonnalities. The effects are most frequently 
observed in individuals with a compromised 
cardiorespiratory system. 

In summary, available data provide some, 
although weak, support to satisfy the criterion of 
biological plausibility. 

3.1 .3 Human lzealtlz risk clzaracterization 

Based on the weight of evidence presented in 
this section, the epidemiological evidence for 
mortality and morbidity in response to current 
levels of particulate air pollution meets a number 
of the criteria for causality, including consistency, 
dose-response relationship, coherence, temporal 
relationship and specificity ( of both outcome and 
agent). With respect to the biological plausibility 
of the association, the results of animal studies 
and, to a lesser extent, controlled human studies 
provide support for the target tissues and 
susceptible populations and preliminary 
indications of possible mcchanisms. Although 
ambient levels of particulate matter in Canada 
have been decreasing over time, there are clear 
indications of adverse health effects based on the 
rcsults of very recent studies in Canada and in 
other countries at ambient levels similar to those 
currently occurring in Canada. The database 
supports, therefore, a causal relation between 
current ambient PM 10 and PMis exposure and 
adverse health effects and provides a reasonable 
basis for preventive action. 

The epidemiological evidence is 
suggestive that adverse health effects occur only 
in a susceptible subset of the general population. 
This group appears to include those with pre­
existing respiratory or cardiovascular conditions, 
a group that forrns a substantial fraction of the 
general population. That this group comprises the 
responders to particulate matter is supported by 

the results of recent laboratory experiments using 
appropriate animal models such as bronchitic rats. 

There is no clear evidence of a level 
below which the positive associations between 
PM, 0 (and probably PM2 , too) and both daily 
mortality and hospitalization rates are not 
observed. That is, any increase in ambient 
particulate matter is associated with a statistical 
increase in mortality and hospitalization rates. 
While mortality and hospitalization rates have 
been emphasized owing to their adequacy as a 
basis for a quantitative measure of risk, other 
adverse health effects have also been observed, 
including exacerbation of respiratory symptoms 
such as bronchitis and asthma, reduced Jung 
function, restricted activity due to illness, loss 
of work-days or school-days and increased costs 
for medication. Effects of particulate matter on 
respiratory health (Jung function, symptoms and 
absentee1sm), although much Jess serious than 
hospitalizat1ons and mortality, have the potential 
to affect much more of the population. 

These particulate matter-related adverse 
health effects are observed at concentrations 
currently occurring in Canada. The results 
were highly consistent under the widely varying 
climatic exposure conditions and pollutant 
mixtures encountered in the different locations. 
Wh ile the increases in RR are of small magnitude, 
they signify substantial numbers of deaths due 
to the very large size of the populations that are 
impacted by air pollution. 

3.1.4 Uncertainties and degree of 
confidence in the human health risk 
characterization 

There is a fair degree of uncertainty in the 
exposure assessment for particulate matter. Even 
though the monitoring data are extensive and 
national in scope and have been collected using 
appropriate methods, virtually ail of the data are 
for 24-hour ambient concentrations of particulate 
matter collected at fixed sites. Hence, there is a 
lack of individual exposure data; this may be 
particularly important, since it is likely that the 
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susceptible subpopulations (i.e., those with pre­
existing cardiorespiratory diseases) are relatively 
inactive and spend more time indoors than 
average. In addition, the ambient monitoring 
network does not provide information on diurnal 
fluctuations in particulate matter, and it is possible 
that the health effects observed may be the result 
of peak exposures, rather than those averaged 
over the monitoring period. There are also no 
monitoring data for ultrafine particles in Canada. 
and the results of some studies in animais and 
humans have suggested that this fraction of the 
fine particles is extremely taxie. The overall 
degree of confidence in the exposure assessment 
is, therefore, moderate, owing principally to the 
lack of information on persona! exposure to 
particulate matter. 

There is more certainty in the effects 
charactenzation for particulatc matter. As 
outlined in Section 3.1.2, statistically significant 
and concentration-rclatcd associations between 
ambient concentrations of particulate matter 
and a "pyramid" of rclatcd cardiorespiratory 
health effects, including mortality, have been 
rcmarkably consistcntly obscrved in the availablc 
epidemiological studies. These have been 
observed at ambient concentrations similar to 
those currently occurring in Canada, obviating 
the need to extrapolate the results of these 
studies in assessing the health risks posed by 
particulate matter. The results of controlled 
cxposures of humans and animais to particulate 
matter have prov1ded support, albeit limited, for 
the epidemiological findings in terms of target 
tissues, susceptible populations and plausible 
mechanisms of action. 

However, there are still some important 
uncertainties in the available effects-related data. 
There is concem for possible confounding from 
exposure to other co-occurring (and often highly 
correlated) pol!utants, in which case the increased 
risk could be ascribed to the wrong agent 
(although, as discussed in Section 3.1.2, the 
weight of evidence suggests that particulate matter 
is the best indicator for effects of air poll_ution on 
health outcomes, and measures to reduce exposure 

to particulate matter, particularly PMu , would also 
reduce exposure to these other pollutants) . The 
strength of the association is also weak, although 
fairly consistent, particularly with respect to 
mortality. There are no epidemiological studies 
that have investigated health outcomes in relation 
to exposure to ultrafine particles or to persona! 
exposures, and there are few epidemiological data 
on the health effects of long-term exposure to 
particulate matter. The available controlled studies 
of humans exposed to particulate matter are qui te 
limited: there are no studies of cardiovascular 
outcomes. and sensitive biomarkers of effect have 
not been identified. With respect to studies in 
animais, there are few dosimetric data to account 
for differences in responses observed in animais 
and humans, and the modes of action for 
particulate matter-related health effects have still 
not becn elucidated, although there are emerging 
data from both areas that support the biological 
plausibility of the epidemiological observations. 
Ovcrall. the degree of confidence in the effects 
charactcrization is considered to be moderate to 
h1gh, owing pnncipally to the limitations in the 
available epidemiological studies. although it is 
noted that this databasc is far more extensive than 
is gencrally the case for environmental pollutants. 

3.2 Conclusion 

Based pnnc1pally on the sufficient weight of 
ev1dence of mortality and morbidity in the general 
population exposed ta ambient concentrations 
of PM ,0 and PM, 5 examined in recent extensive 
epidem1ological analyses in Canada and in other 
countries lat ambient concentrations currently 
occurring in Canada), as well as on some limited 
supporting data in experimental animal and 
controlled human exposure studies, PM,u and 
particularly PM2 , are considered to be entering 
the envirorunent in a quantity or concentration 
or under conditions that constitute a danger in 
Canada to human life or health. On this basis, 
PM,,, and particularly PM, 5 are considered to be 
"tox1c" as defined in Section 64 of CEPA 1999. 
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3.3 Considerations for follow-up 
(further action) 

The robustness and consistency of the association 
between respirable particulate matter and adverse 
health effects across so many locations with 
differing air pollutant mixtures support the 
position that PM 10, PM25 and sulphate are the 
best indicators for the effects of air pollution on 
adverse health outcomes. In the available time­
series analyses, the fine fraction of particulate 
matter (PM2 5) was consistently associated with 
adverse health effects; moreover, the association 
was usually of greater magnitude than those with 
other particle metrics, including PM10, in studies 
that included several measures of exposure. In a 
few studies (Dockery et al., 1992; Schwartz et al .• 
1996; Bumett et al., 1997) in which associations 
with the coarse fraction of PM 10 in addition to 
PM 10 and/or PM25 were examined, the coarse 
fraction was often not associated with adverse 
health outcomes, while the fine fraction and 
often the total PMIU fraction were. Moreover, 
approximately 25-60% of PMll can be deposited 
in the human alveolar region. compared with <5% 
oflarger particles (-10 µm) (Lippmann, 1977), 
which may render the fine fraction more harmful 
in causing lung injury. 

While sulphate has been used as a surrogaœ 
for PM2 5 in locations where data on concentrations 
of PM2 5 were not available, the magnitude of the 
sulphate-related association was not as great as that 
of total PM2.i when both were available in the same 
location. In addition, sulphate appears to be too 
area-specific to be used as a general metric for 
regulatory purposes. 

Thus, based on available data on health 
effects of particulate matter, investigations of 
options to reduce exposure to particulate matter 
should be focussed on the fine fraction (PM2_,). 

(However, it is noted that coarse particles [PM1D .. 2i] 
have not yet been eliminated from consideration, as 
there is some indication that they may play a role 
in respiratory and/or cardiovascular disease.) The 
investigation of management options should also 

be designed to reduce mid-range (24-hour average) 
rather than peak exposures (i.e., <24-hour periods), 
since, on the basis of available data, 24-hour average 
exposure is associated with increases in mortality 
and morbidity. 

The fine fraction of particulate matter 
(which can remain in the atmosphere for days to 
weeks) is composed of organic compounds and 
secondary sulphates and nitrates. In urban areas, 
these compounds and their precursor gases 
(sulphur oxides, nitrogen oxides and VOCs) 
originate typically from combustion processes -
motor vehicles, industrial processes and vegetative 
burning; 30-82% of PM2.5 is estimated to be 
generated locally. In contrast, the coarse fraction 
of PMio (particles >2.5 µm but $10 µm) is typically 
associated with mechanical processes, such as 
wind erosion, breaking ocean waves and grinding 
operations. These coarse particles, which are 
efficiently removed by gravitational settling, remain 
in the atmosphere for shorter periods of a few 
hours to a few days. Further detail is available in 
Appendix G of the National Ambient Air Quality 
Objectives for Particulate Matter, Addendum to the 
Science Assessment Document (WGAQOG, 1999). 

The available data clearly indicate that 
relative source contributions to PM 10 and PM2.5 

vary by province/territory and by region, and 
there are ongoing initiatives in risk management 
designed to accommodate these regional variations. 
Under the Canada-wide Standards subagreement 
of the Harmonization Accord signed by the 
Environment Ministers in January 1998, federal 
and provincial/territorial governments will develop 
numerical air quality standards for PMw and PM2s, 
with each jurisdiction developing a plan of action 
to achieve the standards in a specific time frame. 
Any investigations of options to reduce exposure 
as a result of the assessment of particulate matter 
as a Priority Substance under CEPA 1999 will 
complement those for this ongoing initiative. 
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Environment Canada 

News Release 
KEY SMOG-CAUSING POLLUTANT 

DECLARED TOXIC UNDER FEDERAL LAW 

Ottawa, May 27, 2000- Environment Minister David Anderson and Health Minister 
Allan Rock announced today that Official notification has been published in the 
Canada Gazette that Respirable Particulate Matter less than or equal to 10 Microns 
(PM~10), a key component of smog, is toxic under the new Canadian 
Environmental Protection Act (CEPA 1999). 

"The declaration of PM~10 as CEPA toxic is one part of an overall Government of 
Canada approach to clean air," said Environment Minister David Anderson. "Our 
goal on Particulate Matter is to see specific emission reduction targets for key 
industrial sectors, with timetables to meet those targets." 

The Gazette notification indicates that the Ministers will recommend to the Governor 
in Council that PM~10 be added to the List of Toxic Substances in Schedule 1 of 
CEPA. The government has two years to develop control measures to reduce 
exposure to PM~10, and a further 18 months to implement them. 

"As we move forward on developing control measures," said Minister Anderson, "we 
will pay particular attention to the smallest of these particles. They represent the 
biggest threat to human health. ln tact, 1 will be meeting with my provincial and 
territorial counterparts next week to discuss a proposed Canada-Wide Standard for 
these small particles to reduce threat to air we breath." 

PM~10 is produced through a variety of human activities and natural sources 
including the burning of fossil fuels, forest fires and many industrial sources that 
involve grinding such as mining, construction and demolition. 

"Today's announcement signais our commitment to maintain and improve the health 
of Canadians," said Minister Rock. "Through CEPA, the Government of Canada is 
taking significant action to provide better air quality to Canadians." 
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Because of its small size. PM~10 can penetrate deep into human lungs, where it 
becomes trapped. lt has been linked with chronic respiratory disease and a range 
of other health ailments including cardiovascular disease. Scientists now 
believe that there is no safe level of exposure to PM~10, and even relatively low 
levels can lead to premature deaths from cardiovascular causes. Children, the 
elderly and people with respiratory diseases are particularly vulnerable. Outdoor 
PM~10 concentrations also cause increased number of workdays lost for adult 
workers and increased school absences for children. 

Action on PM~10 is among a number of immediate and long term actions on clean 
air recently announced by Minister Anderson. The national program includes the 
recent launch of a process in Toronto on May 251

h and 261
h to reduce pollution from 

vehicles and the fuels that power them, as well as an additional $1.2 million to the 
National Air Pollution Surveillance Network to upgrade air pollution monitoring 
across Canada. 

Minister Anderson has also reaffirmed his commitment to signing an Ozone Annex 
under the Canada-United States Air Quality Agreement before the end of the year. 

The Canada Gazette notice and Annex can be found at 
http: //canada.gc.ca/gazette/homparl e.html 

The Priority Substances List Assessment Report on Respirable PM~10 will be 
available to the public as of May 29, 2000 at 
http://www.ec.gc.ca/ccebl/eng/final/index_e.html or from the lnquiry Centre of 
Environment Canada. Ottawa, Ontario, K1A OH3 (1-800-668-6767). 
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For further ïnformation, please contact: 

Velma McColl 
Director of Communications 
Office of the Minister of the Environment 
(819) 953-2101 

John Buccini 
Director 
Commercial Chemicals Evaluation Branch 
Environment Canada 
(819) 997-1499 

(Également offert en français) 

Jeffrey Pender 
Media Relations 
Health Canada 
(613) 957-2988 
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Rc,pirahle Par1ic11bll' \L1tter Lcss Than or Equal to 10 
\ 1 il'ron~ ( 1\\1-1 Il) 

.-\ssrssmrnt Report 

The Ministers of Environment and Health have released for final 
publication the assessment report for the priority substance PM-
1 O. Notice concerning the assessment of this substance and a 
summary of its assessment report was published in the ( ·.,11.1d:1 
l i.11c11l-. Part 1 May '27. 2000. 

The full Assessment Rèport for PM-10 can be downloaded from 
this page. The synopsis nf the report is provided below. 

A draft of this Assessmcnt Report was made available for a 60-
day public comment pcriod (May 15. 1999 - July 14. 1999). 
Following consideration of the comments rcceived, the 
Assessment Report was rcvised as appropriate. A summary of 
the comments and thcir rcsponscs may also be acccssed from 
this page. 

Synopsis 

Particulatc rnattcr ( Ptvl) rclcrs in this asscssmcnt to particlcs of 
lcss than or cqual to 10 pm mass mcdian acrodynamic diamctcr 
(PM 10 ). PM 10 gcncrally includcs a tïne fraction ofparticles 

2.5 ~Lm or Jess (PM:ul and a coarse fraction of partie les larger 

than 2.5 ~un (PM IO-:ul- Particulate mattcr can be emitted 

directly into the atmosphere or formed secondarily from 
precursor gases as a result of physical and chemical 
transfomrntions. Particulate rnatter may include a broad range of 
chemical species. such as elemèntal carbon and organic carbon 
compounds, oxides of silicon. aluminum and iron. trace rnetals. 
sulphates. nitrates and arnmonia. 

Particulate malter is ubiquitous. being emitted from both natural 
and anthropogenic sources. The fine fraction of pa11iculate 
matter and its precursor gases originate typically from 
combustion processes - motor vehicles. industrial processes and 
vegetative burning. In contrast. the coarse fraction of PM 10 is 

associated with mechanical processes, such as wind erosion, 
breaking ocean waves and grinding operations. The available 
data indicate that source contributions to primat')' PM emissions 
and precursor gases in Canada rnry by province/territory and by 
region. Industrial sources pro\'ide a major contribution in most 
provinces. followed by non-industrial fuel combustion and the 
transportation sector. Forest tires and prescribed bu.ming are the 
largest estimated sources of particulate matter in some provinces 
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and in the tcrritories. Long-range transport from industrial 
regions of the United States makes a major contribution to levels 
of particulatc matter in somc reg ions or Canada. 

Concentrations of particulate matter typically vary by time of 
dav. dav of the week. season and vear. Based on tïxed-site 
lll(;nito~·in!.! of 24-hour com:entrat~ons in ambient air. lnn!.!-term 
mean P:V! ;0 concentrations during the mid- l 980s to mid_:--l 990s 

ranged !'rom 11 to 42 ~tg/1113 at urban sites and during the mid-
! 990s ranged from 11 to 17 pg/m3 at rural sites. The 
corresponding values for PM

2
_
5 

were 6.9-20.2 pg/1113 and 7.0-

10.5 ~Lgim3, respectively. The values for both PM 10 and PM2_5 
are above estimated background lcvcls, indicating that 
anthropogenic activities make an important contribution to 
ambient particulate malter loadings. On a national scale. average 
particulate mattcr concentrations decreased by approximately 2-
3'~ ri annually between 1984 and 1995. 

ln numernus epidemiological studies from around the world, 
including Canada. positin~ associations have heen obserYed 
between ambient levels of particulate rnatter (as PM 10. PM., - or __ ) 

other partie le rnetrics) and a range or health outeomes, including 
daily mortality. respiratory and carc\iovascular hospitalizations. 
impaired lung l'unction. adverse rcspiratory symptoms and 
medication use. restricted acli\'ily days and the frequcncy of 
reported chronic rcspiratory diseasc. These associations could 
1101 be exp!aincd by the inllucnce or\\cathcr. scason. yearly 
trends. clav-to-clav variations ur \"Uriations duc to holidaYS. 
cpidcmics ur othér non-pollutanl ractors. \\'hile the popt.dations 
studied ,,·crc always cxposcd Lo uthcr air pollut:mts in addition to 
particulatc matter. associations ol' a si 111 i br magni Lucie were 
observed across numerous locations with diffcring. air pollutant 
mixtures. and the association with particulatc malter remained in 
analyses that adjusted for the etTects of various other pollutants. 
Thcse particulate mattcr-related health effects were observed at 
ambicnt concentrations that currently occur in Canada. 

Therefore. the epidemiological evidence for mo1tality and 
morbidity in response to current levels of particulate air 
pollution meets a number of the criteria for causalit). including 
consistency. dnse-1\:sponse relationsh i p. cohere11L:e. temporal 
relationship and speciticit) nf hoth outcome and agent. With 
respect to the biological plausibility of the association. the 
results of experirnental studies in animais and humans provide 
some limited suppott for the epidemiological tindings. However, 
both animal and experimental human work are constrained by 
the teclmological difficulties in reproducing environmentally 
relevant particulate matter and this work has generally been 
conducted at high levels with artificial partiel es. Sorne of this 
work, specifically the most recent work with concentrated 
ambient partiel es has provided initial evidence of particulate ) 
matter-induced effects on the cardiorespiratory system. . 
particularly in inclividuals with pre-existing respiratory and 
cardiovascular diseuse. and have providecl preliminary 
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indications of possible mechanisms. The database supports, 
therefore. a causal relation between cwTent ambient PM 10 and 

PM2.5 exposure and adwrse health effects and provides a 
reasonable basis for preYentive action. 

Based principally on the sufficient weight of eviclence of 
mortality and morbidity in the general population exposed to 
ambient concentrations of PM 10 and Pl\ l:u examined in recent 
extensive epiclemiological analyses in Canada and in other 
countries (at ambient concentrations currentlv occurrinE! in 
Canada), as well as on some li111ited supporti;1g data in~ 
experimental animal and controlled human exposure studies, 
PM 10 and particularly PM2_5 arc considered to be entering the 
environment in a quantity or concentration or under conditions 
that constitute or mav constitute a clant!er in Canada to human 
life or health. Theret~we. PM 10 and pa(ricularly PM2.5 are 
considercd to be "toxic" as ddincd in Section 64 or the Canaclian 
Environmcntal Protection Act. 1999 (Cl-:Pf\ 1999). 

Based on available data on the health effects of particulate 
matter, investigations of options to reduce exposure to 
particulate matter should be focussed on the fine fraction 
(PM2.5). They should also be designed to reduce miel-range (24-

hour average) rathcr than pcak (i.e .. <2-J.-hour pcriods) 
exposures. since. on the basis of availablc data. 24-hour average 
cxposurc is associatccl \\'ith incrcases in mortality and morbidity. 

The availahle data clearl\' inclicak that relati\·e source 
contributions to PM 10 aiicl PM 2.5 nu-y by prcwinœ/territory and 
by region. Thcrc arc ongoing initiati\·cs in risk management 
clesigncd to accommoclatc thcsc rcgional variations. Under the 
Canada-widc Standards subagrcement of the Harmonization 
Accord signcd by the Environment Ministers in .lanuary 1998. 
fedcral and provincial /territorial governmcnts will dcvelop 
numcrical air quality standards for PM 10 and PM2.5" with each 
juriscliction developing a plan of action to achieve the standards 
in a specified time frame. Any investigations of options to 
reduce exposure as a result of the assessment of particulate 
matter as a Prioritv Suhstance under CEPA 1999 will 
complement thosé for this ongoing initiati\'e. 

The conclusion of this assessmcnt is based on estimated and 
measured ambient levels of PM 1 O. Hü\\·evcr, the assessment 
acknowledges that this substance can be emitted directly into the 
atmosphere or formed secondarily from precursors as a result of 
physical or chcmical transformations. It is recommended that 
stakeholders be consulted on the need to add precursors to PM 10 
to the List of Toxic Substances in Scheclule 1 and on the forrn of 
the Schedule I listing. 
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